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FIG. 23A

When not touched
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FIG. 29
IGZO (111) \\Conductive layer

Heat treatment not performed
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FIG. 30
IGZO (111) \\Conductive layer

Heat treatment performed (350°C, 1hr, N2+02)
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FIG. 31
IGZO (132) \\Conductive layer

Heat treatment not performed
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FIG. 32
IGZ0 (132) \Conductive layer

Heat treatment performed (350°C, 1hr, N2+02)
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FIG. 34
IGZO (111) \\Conductive layer
Heat treatment not performed
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FIG. 35

IGZ0O (111) \\Conductive layer
Heat treatment performed (350°C, 1hr, N2+02)
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FIG. 36

After the removal of Ti layer

After 30 min. of wet etching
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FIG 37 ¢ Quantified by the concentration in the IGZO film
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FIG. 38 IGZON\W
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FIG 39 IGZO\Ti
Background: about 1.25E1 7atoms/cm’
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1
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an object, a process (in-
cluding a method and a manufacturing method), a machine, a
manufacture, or a composition of matter. In particular, the
present invention relates to, for example, a semiconductor
device, a display device, a light-emitting device, a driving
method thereof, or a manufacturing method thereof. The
present invention particularly relates to a semiconductor
device, a display device, a light-emitting device, or the like
each including an oxide semiconductor.

In this specification, a semiconductor device generally
means a device which can function by utilizing electronic
characteristics of a semiconductor, and an electrooptic
device, a semiconductor circuit, and electric equipment are all
included in the category of semiconductor devices.

2. Description of the Related Art

Semiconductor elements, for example, transistors formed
using a semiconductor thin film which is formed over a sub-
strate having an insulating surface such as a glass substrate
(such transistors are also referred to as thin film transistors or
TFTs for the abbreviation) and diodes, are applied to a wide
range of semiconductor devices such as integrated circuits
(ICs) and image display devices (simply also referred to as
display devices). A silicon film is widely known as a semi-
conductor thin film applicable to such a semiconductor ele-
ment.

For example, however, a transistor including amorphous
silicon has low field-effect mobility, though it can be formed
over a larger glass substrate and therefore can be manufac-
tured at low cost. In contrast, a transistor including polycrys-
talline silicon has high field-effect mobility, but requires a
crystallization process such as laser annealing and a large
number of manufacturing steps and is not always suitable for
a larger glass substrate.

Meanwhile, oxide semiconductors have attracted attention
in recent years as novel semiconductor materials. Examples
of oxide semiconductors include zinc oxide (ZnO), an
In—Ga—7n oxide, and the like. Techniques are under devel-
opment to manufacture a transistor including a semiconduc-
tor thin film formed using such an oxide semiconductor as a
material for a channel formation region (see Patent Document
1).

The use of an oxide semiconductor for a channel formation
region makes it possible to manufacture a transistor which has
both high field-effect mobility comparable to that obtained
with polysilicon or microcrystalline silicon and uniform ele-
ment characteristics comparable to those obtained with amor-
phous silicon. Since the transistor has high field-effect mobil-
ity, in the case where this is used, for example, in a display
device, the transistor can have sufficient on-state current even
when having a small area. Thus, an increase in aperture ratio
of a pixel and/or a reduction of power consumption of a
display device due to the increase can be achieved. An oxide
semiconductor film can be formed using a sputtering method
and is thus suitable for manufacturing a semiconductor device
over a large-area substrate. Manufacturing a semiconductor
device over a large-area substrate can reduce the manufactur-
ing cost of the semiconductor device. There is another advan-
tage that capital investment can be reduced because part of
production equipment for a transistor including an amor-
phous silicon film can be retrofitted and utilized.
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However, it is known that oxygen is released from an oxide
semiconductor in a manufacturing process, so that an oxygen
vacancy is formed (see Patent Document 2).

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Applica-
tion No. 2007-123861

[Patent Document 2] Japanese Published Patent Applica-
tion No. 2011-222767

SUMMARY OF THE INVENTION

In the case where a transistor is formed using an oxide
semiconductor for a channel formation region, an oxygen
vacancy (also referred to as Vo in this specification) which is
formed in the oxide semiconductor affects the transistor char-
acteristics as a problem. Further, a carrier might be generated
due to oxygen vacancies in the oxide semiconductor. There-
fore, a large number of oxygen vacancies in the oxide semi-
conductor sometimes leads to generation of an electron serv-
ing as a carrier; accordingly, the channel formation region is
changed to an n-type (e.g., n”) and therefore the resistance is
reduced. This induces degraded electrical characteristics of
the transistor, such as normally-on characteristics, an increase
of a leakage current, and a shift of a threshold voltage by
application of stress. Thus, fewer oxygen vacancies in the
channel formation region of the oxide semiconductor are
preferable.

Thus, it is an object of one embodiment of the present
invention to provide a semiconductor device including a tran-
sistor having a reduced number of oxygen vacancies in a
channel formation region of an oxide semiconductor, stable
electrical characteristics, or high reliability.

In particular, an object of one embodiment of the present
invention is to provide a semiconductor device including a
transistor in which a change in gate voltage-drain current
characteristics by application of a drain voltage is reduced or
suppressed.

Another object of one embodiment of the present invention
is to provide a semiconductor device including a miniaturized
transistor with a short channel length (e.g., the channel length
ofless than or equal to 3 um).

Another object of one embodiment of the present invention
is to provide a semiconductor device with low power con-
sumption.

Another object of one embodiment of the present invention
is to provide a method for manufacturing a semiconductor
device by which one of the above-described objects is
achieved.

In particular, it is another object of one embodiment of the
present invention to provide a method for manufacturing a
semiconductor device with high productivity or a high yield.

Alternatively, it is another object of one embodiment of the
present invention to provide a semiconductor device which is
less likely to be normally on. It is another object of one
embodiment of the present invention to provide a semicon-
ductor device in which leakage current is less likely to be
increased. It is another object of one embodiment of the
present invention to provide a semiconductor device in which
a threshold voltage is less likely to be changed. It is another
object of one embodiment of the present invention to provide
a semiconductor device which is less likely to be affected by
short-channel effect. It is another object of one embodiment
of'the present invention to provide a semiconductor device in
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which a source region and a drain region are less likely to be
short-circuited. It is another object of one embodiment of the
present invention to provide a semiconductor device which is
less likely to be affected by a variation in channel length.

One embodiment of the present invention can achieve at
least one of the objects set forth above. Note that in one
embodiment of the present invention, there is no need to
achieve all the objects. Other objects will be apparent from
and can be derived from the description of the specification,
the drawings, the claims, and the like.

Thus, embodiments of the present invention are a semicon-
ductor device including a transistor in which a region of an
oxide semiconductor where there are a few oxygen vacancies
is partly used as a channel formation region, and a method for
manufacturing the semiconductor device.

That is, one embodiment of the present invention is a
semiconductor device including a gate electrode, a gate insu-
lating film overlapping with the gate electrode, a stacked-
layer oxide film overlapping with the gate electrode with the
gate insulating film provided therebetween, and a source elec-
trode and a drain electrode in contact with the stacked-layer
oxide film. Portions of the stacked-layer oxide film which are
in contact with the source electrode and the drain electrode
have lowest resistance, and a portion of the stacked-layer
oxide film has higher resistance as the portion is distanced
from the source electrode or the drain electrode.

Another embodiment of the present invention is a semicon-
ductor device including a gate electrode, a gate insulating film
overlapping with the gate electrode, a stacked-layer oxide
film overlapping with the gate electrode with the gate insu-
lating film provided therebetween, and a source electrode and
a drain electrode in contact with the stacked-layer oxide film.
The stacked-layer oxide film has a depression portion
between the source electrode and the drain electrode and has
low-resistance regions in portions in contact with the source
electrode and the drain electrode and part of side surfaces of
the depression portion.

Another embodiment of the present invention is a semicon-
ductor device including a gate electrode, a gate insulating film
over the gate electrode, a stacked-layer oxide film over the
gate insulating film, a source electrode and a drain electrode
in contact with the stacked-layer oxide film, and n* regions
provided in portions of the stacked-layer oxide film which are
in contact with the source electrode and the drain electrode.
The n* regions are extended in a region of the stacked-layer
oxide film which is between the source electrode and the drain
electrode.

Another embodiment of the present invention is a semicon-
ductor device including a gate electrode, a gate insulating film
over the gate electrode, a stacked-layer oxide film over the
gate insulating film, a source electrode and a drain electrode
in contact with the stacked-layer oxide film, and n* regions
provided in portions of the stacked-layer oxide film which are
in contact with the source electrode and the drain electrode.
The stacked-layer oxide film has a depression portion
between the source electrode and the drain electrode, and the
n* regions are in contact with part of side surfaces of the
depression portion.

Another embodiment of the present invention is a method
for manufacturing a semiconductor device including the steps
of forming a gate insulating film over a gate electrode; form-
ing an oxide semiconductor layer over the gate insulating film
which is over the gate electrode; forming an oxide layer over
the oxide semiconductor layer by a sputtering method to form
an stacked-layer oxide film including the oxide semiconduc-
tor layer and the oxide layer; processing the stacked-layer
oxide film into a predetermined shape; forming a conductive
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film containing Ti as a main component in contact with the
stacked-layer oxide film which is processed into a predeter-
mined shape; etching the conductive film to form a source
electrode and a drain electrode, and a depression portion on a
back channel side; and changing portions of the stacked-layer
oxide film which are in contact with the source electrode and
the drain electrode each to an n-type by heat treatment.

The oxide semiconductor layer and the oxide layer are each
an oxide containing In (indium), M (Al, Ga,Y, La, Ce, or Nd),
and Zn (zinc), and the oxide layer has a proportion of M
higher than that of the oxide semiconductor layer.

According to one embodiment of the present invention, a
semiconductor device including a transistor having stable
electrical characteristics or high reliability can be provided.

In particular, according to one embodiment of the present
invention, it is possible to provide a semiconductor device
including a transistor in which a change in gate voltage-drain
current characteristics by application of a drain voltage is
reduced or suppressed.

According to one embodiment of the present invention, it is
possible to provide a semiconductor device including a min-
iaturized transistor with a short channel length (e.g., the chan-
nel length of less than or equal to 3 pm).

According to one embodiment of the present invention, it is
possible to provide a semiconductor device with low power
consumption.

According to one embodiment of the present invention, it is
possible to provide a method for manufacturing a semicon-
ductor device by which one of the above-described objects is
achieved.

According to one embodiment of the present invention, it is
possible to provide a method for manufacturing a semicon-
ductor device with high productivity or a high yield.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1C are a top view and cross-sectional views
illustrating one embodiment of a transistor;

FIGS. 2A to 2C are cross-sectional views each illustrating
one embodiment of a transistor;

FIGS. 3A to 3C are diagrams showing a band structure of
a transistor;

FIG. 41is a diagram showing a band structure of a transistor;

FIGS. 5A to 5E are cross-sectional views illustrating a
method for manufacturing a transistor;

FIGS. 6A to 6C are cross-sectional views illustrating a
method for manufacturing a transistor;

FIG. 7 shows a change of electrical characteristics of a
transistor including an oxide semiconductor layer;

FIG. 8 is a cross-sectional view of a transistor including an
oxide semiconductor layer;

FIGS. 9A to 9C are cross-sectional views each illustrating
one embodiment of a transistor;

FIGS. 10A and 10B are cross-sectional views each illus-
trating one embodiment of a transistor;

FIGS. 11A to 11C are cross-sectional views each illustrat-
ing one embodiment of a transistor;

FIGS. 12A and 12B are top views each illustrating one
embodiment of a transistor;

FIGS. 13A to 13D are cross-sectional views each illustrat-
ing one embodiment of a transistor;

FIG. 14 is a cross-sectional view illustrating one embodi-
ment of a transistor;

FIGS. 15A to 15C are cross-sectional views each illustrat-
ing one embodiment of a transistor;
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FIG. 16 is a cross-sectional view illustrating one embodi-
ment of a transistor;

FIG. 17 is a circuit diagram of part of a pixel in a display
module including an EL element;

FIGS.18Ato 18C are a top view and a cross-sectional view
of a display module including an EL element and a cross-
sectional view of a light-emitting layer;

FIGS. 19A and 19B are each a cross-sectional view of a
display module including an EL element;

FIG. 20 is a circuit diagram of a pixel of a display module
including a liquid crystal element;

FIGS. 21A to 21C are each a cross-sectional view of a
display module including a liquid crystal element;

FIGS. 22A to 22C illustrate a display module including an
FFS mode liquid crystal element;

FIGS. 23 A to 23C each illustrate a touch sensor;

FIGS. 24 A and 24B each illustrate a pixel provided with a
touch sensor;

FIGS. 25A and 25B each illustrate the operation of touch
sensors and pixels;

FIG. 26 illustrates the operation of a touch sensor and a
pixel;

FIGS. 27A to 27C each illustrate a pixel;

FIGS. 28A to 28F each illustrate an electric device;

FIG. 29 shows measurement results of sheet resistance;

FIG. 30 shows measurement results of sheet resistance;

FIG. 31 shows measurement results of sheet resistance;

FIG. 32 shows measurement results of sheet resistance;

FIG. 33 is TEM images of a CAAC-OS film over which a
tungsten layer is formed;

FIG. 34 shows measurement results of sheet resistance;

FIG. 35 shows measurement results of sheet resistance;

FIG. 36 is TEM images of a nc-OS film over which a
titanium layer is formed;

FIG. 37 shows SIMS results;

FIG. 38 shows evaluation results of oxygen diffusion;

FIG. 39 shows evaluation results of oxygen diffusion;

FIGS. 40A and 40B are graphs showing characteristics of
transistors which are manufactured;

FIGS. 41A and 41B show results of a gate BT test;

FIG. 42 is a graph showing a correlation between on-state
current and threshold voltage;

FIGS. 43 A and 43B illustrate TLM analysis;

FIGS. 44 A and 44B show results of TLM analysis;

FIGS. 45A and 45B show results of TLM analysis;

FIGS. 46 A and 46B are graphs each showing characteris-
tics of transistors including an oxide semiconductor having a
CAAC structure;

FIGS. 47A and 47B are graphs showing characteristics of
transistors including an amorphous oxide semiconductor;
and

FIG. 48 shows an amorphous structure and a crystal struc-
ture obtained by calculation.

DETAILED DESCRIPTION OF THE INVENTION

Embodiments of the present invention will be described in
detail below with reference to the drawings.

However, the present invention is not limited to the descrip-
tions of the embodiments, and it is easily understood by those
skilled in the art that the modes can be modified in various
ways. Therefore, the present invention should not be inter-
preted as being limited to the descriptions of embodiment
below.

Note that in drawings used in this specification, the thick-
nesses of films, layers, and substrates and the sizes of com-
ponents (e.g., the sizes of regions) are in some cases exagger-
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ated for simplicity. Therefore, the sizes of the components are
not limited to the sizes in the drawings and relative sizes
between the components.

Note that the ordinal numbers such as “first” and “second”
in this specification and the like are used for convenience and
do not denote the order of steps, the stacking order of layers,
or the like. In addition, the ordinal numbers in this specifica-
tion and the like do not denote particular names which specify
the present invention.

Note that in structures of the present invention described in
this specification and the like, the same portions or portions
having similar functions are denoted by common reference
numerals in different drawings, and descriptions thereof are
not repeated. Further, the same hatching pattern is applied to
portions having similar functions, and the portions are not
especially denoted by reference numerals in some cases.

Note that a resist mask or the like might be reduced unin-
tentionally by treatment such as etching in an actual manu-
facturing process; however, the reduction is not illustrated in
drawings in some cases for easy understanding.

Note that the term such as “over” or “below” in this speci-
fication and the like does not necessarily mean that a compo-
nent is placed “directly on” or “directly under” another com-
ponent. For example, the expression “a gate electrode over a
gate insulating layer” can mean the case where there is an
additional component between the gate insulating layer and
the gate electrode.

Note that a voltage refers to a potential difference between
a certain potential and a reference potential (e.g., a ground
potential (GND) or a source potential) in many cases. Accord-
ingly, a voltage can also be called a potential.

In addition, in this specification and the like, the term
“electrode” or “wiring” does not limit a function of a com-
ponent. For example, an “electrode” is sometimes used as part
of a “wiring”, and vice versa. Furthermore, the term “elec-
trode” or “wiring” can include the case where a plurality of
“electrodes” or “wirings” are formed in an integrated manner.

Functions of a “source” and a “drain” are sometimes
replaced with each other when a transistor of opposite polar-
ity is used or when the direction of current flowing is changed
in circuit operation, for example. Therefore, the terms
“source” and “drain” can be replaced with each other in this
specification and the like.

Note that in this specification and the like, the term “elec-
trically connected” includes the case where components are
connected through an object having any electric function.
There is no particular limitation on an object having any
electric function as long as electric signals can be transmitted
and received between components that are connected through
the object. Further, there is a case in which no physical con-
nection is made in an actual circuit and a wiring is just
extended.

Examples of an “object having any electric function” are a
switching element such as a transistor, a resistor, an inductor,
a capacitor, and an element with a variety of functions as well
as an electrode and a wiring.

The descriptions in this embodiment can be combined with
each other as appropriate.

[1. Deterioration Mechanism of Transistor Including Oxide
Semiconductor Layer]

In order to improve reliability of a transistor including an
oxide semiconductor (OS) layer, it is important to clarify a
factor that affects the reliability. Here, in order to improve the
reliability of the transistor including an oxide semiconductor
layer, the deterioration mechanism model described below
was made.
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Note that an oxygen vacancy (Vo) of the oxide semicon-
ductor layer forms a deep level density of state (DOS) in the
oxide semiconductor layer. In order to reduce the deep level
DOS, it is important to make a state in which the oxide
semiconductor layer contains oxygen in excess of the sto-
ichiometric composition and to supply oxygen from outside
to the oxide semiconductor layer to repair the oxygen
vacancy.

When a positive gate BT (+GBT: positive gate bias tem-
perature) test is performed on the transistor including the
oxide semiconductor layer, the threshold voltage (V,,) shifts
in the positive direction as compared to the initial V-1,
characteristics. In addition, when a negative gate BT (-GBT:
negative gate bias temperature) test is performed on the tran-
sistor on which a positive gate BT test has been performed,
the V-1, characteristics shift in the negative direction. In this
manner, the threshold voltage of the transistor becomes alter-
nately positive and negative, which is associated with alter-
nation of a positive gate BT test and a negative gate BT test
(see FIG. 7).

FIG. 7 suggests that the change in V_-I , characteristics of
the transistor including the oxide semiconductor layer relates
not to a fixed charge but to a level (trap level).

[1.1. Deterioration Mechanism in Each Deterioration Mode]

How the deterioration modes of the transistor including the
oxide semiconductor layer are caused will be described
below.

Next, the shift of the threshold voltage in the positive
direction when a positive gate BT test is performed will be
described.

When a positive gate BT test is performed, electrons
induced by a positive gate voltage are trapped by a DOS. The
electrons trapped at the time of the positive gate BT test, i.e.
negative charges have a long relaxation time and thus behave
like fixed charges. Due to the negative charges, even after the
gate voltage (bias) is off, a state equal to a state in which a
negative voltage is effectively applied occurs. Therefore,
when the electrical characteristics of the transistor are mea-
sured after the positive gate BT test, the threshold voltage of
the transistor characteristics (V-1 characteristics) shifts in
the positive direction.

Next, the shift of the threshold voltage in the negative
direction when a negative gate BT test is performed is
described.

When a negative gate voltage (V) is applied to the tran-
sistor and the transistor is irradiated with light in a negative
gate BT test, holes, that is, positive charges are trapped by a
DOS. Since a difference between the conduction band mini-
mum energy (Ec) and energy of the DOS is large and a
difference between the valence band maximum energy (Ev)
and energy of the DOS is large, it takes a long time before
holes are induced. In addition, holes in the oxide semicon-
ductor layer have a large effective mass, and holes are hardly
injected even from a drain electrode. The positive charges
have a long relaxation time and thus behave like a fixed
charge. Dueto the positive charges, even after the gate voltage
(bias) is off, a state equal to a state in which a positive voltage
is effectively applied occurs. Therefore, when the electrical
characteristics of the transistor after the negative gate BT test
are measured, the threshold voltage of the transistor charac-
teristics (V-1 characteristics) shifts in the negative direc-
tion.

Next, an n-type region in which an oxide semiconductor
layer is in contact with a source electrode and a drain elec-
trode is described with reference to FIG. 8. FIG. 8 is a cross-
sectional view of a transistor including an oxide semiconduc-
tor layer. The transistor includes a gate electrode, a gate
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insulating film formed over the gate electrode, an oxide semi-
conductor layer formed over the gate insulating film, a source
electrode and a drain electrode formed over the oxide semi-
conductor layer, and an insulating film (exO containing insu-
lating film) formed over the oxide semiconductor layer, the
source electrode, and the drain electrode.

After the formation of the oxide semiconductor layer, the
source electrode and the drain electrode are formed in contact
with the oxide semiconductor layer. For example, in the case
where the source electrode and the drain electrode are formed
by a sputtering method, plasma damage to the oxide semi-
conductor layer at the film formation or collision of atoms or
molecules of a material used for the source electrode and the
drain electrode with the oxide semiconductor layer at the film
formation changes part of the oxide semiconductor layer to an
n-type, so that an n-type region (n* region) is formed.

In addition, the n-type region is also formed by heat treat-
ment after the formation of the source electrode and the drain
electrode. For example, by the heat treatment, hydrogen
enters the position of an oxygen vacancy in the oxide semi-
conductor layer (VoH is formed), or in the case where In is
contained in the oxide semiconductor layer, In contained in
the oxide semiconductor layer is reduced, so that an n-type
region is formed.

On the other hand, in a region of the oxide semiconductor
layer in which the source electrode and the drain electrode are
not formed, that is, a region where a channel is formed, an
insulating film containing excess oxygen (exO containing
insulating film) is formed in contact with the oxide semicon-
ductor layer. Therefore, by performing heat treatment after
the formation of the insulating film containing excess oxygen,
oxygen vacancies in the oxide semiconductor layer are com-
pensated with the excess oxygen (exO) and reduced, whereby
the oxide semiconductor layer becomes i-type (i layer).

Note that when the oxide semiconductor layer is an
In—Ga—7n oxide, oxygen that is bonded to indium whose
bond energy with oxygen is low is easily released (i.e. In-Vo
is easily formed). The formation of an n-type region is prob-
ably related to In-VoH. In addition, an oxygen vacancy is
thought to exist like In-Vo-In.

In order to reduce defect states in the oxide semiconductor
layer, it is important to reduce oxygen vacancies (Vo). Spe-
cifically, oxygen vacancies can be reduced by preventing
entry of Si into the oxide semiconductor layer or by being
compensated with excess oxygen. Further, it is preferable to
reduce hydrogen in the oxide semiconductor layer because an
n-type region is formed when hydrogen is trapped in an
oXygen vacancy.

[2. Transistor Including Oxide Semiconductor]|

A transistor including an oxide semiconductor and having
stable electrical characteristics, in which oxygen vacancies
are reduced, will be described below.

[2.1. Structure of Transistor]

FIGS. 1A to 1C are a top view and cross-sectional views of
a transistor 100 of a semiconductor device. FIG. 1A is a top
view of the transistor 100. FIG. 1B is a cross-sectional view
taken along the dashed-dotted line A1-A2 in FIG. 1A. FIG.
1C is a cross-sectional view taken along the dashed-dotted
line B1-B2 in FIG. 1A. Note that in FIG. 1A, some of com-
ponents of the transistor 100 (e.g., a substrate 101, a gate
insulating film 103, and an interlayer insulating film 109) are
omitted for simplicity.

The transistor 100 illustrated in FIGS. 1B and 1C includes
a gate electrode 102 provided over the substrate 101. The
transistor 100 includes the gate insulating film 103 formed
over the substrate 101 and the gate electrode 102, a stacked-
layer oxide film 104 overlapping with the gate electrode 102
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with the gate insulating film 103 provided therebetween, and
a source electrode 1084 and a drain electrode 1085 in contact
with the stacked-layer oxide film 104. The interlayer insulat-
ing film 109 is formed over the gate insulating film 103, the
stacked-layer oxide film 104, and the source electrode 108a
and the drain electrode 1085. The interlayer insulating film
109 has a stacked-layer structure of an oxide insulating film
109a and an oxide insulating film 1095. An interlayer insu-
lating film 111 is provided over the interlayer insulating film
109.

In the transistor 100 of one embodiment of the present
invention, the stacked-layer oxide film 104 includes an oxide
semiconductor layer 105 and an oxide layer 106. The oxide
semiconductor layer 105 mainly serves as a channel. The
interlayer insulating film 109 is formed so as to be in contact
with the stacked-layer oxide film 104. That is, the oxide layer
106 is provided between the oxide semiconductor layer 105
and the interlayer insulating film 109.

Examples of a material that can be used for the oxide
semiconductor layer 105 are an In—Ga oxide, an In—7n
oxide, and an In-M-Zn oxide (M is Al, Ga, Y, La, Ce, or Nd).

Note that when the oxide semiconductor layer 105 is an
In-M-Zn oxide, in the atomic ratio between In and m, the
proportion of In be less than 50 atomic % and the proportion
of M be greater than or equal to 50 atomic %, and it is further
preferable that, in the atomic ratio between In and m, the
proportion of In be less than 25 atomic % and the proportion
of M be greater than or equal to 75 atomic %.

The energy gap of the oxide semiconductor layer 105 is 2
eV or more, preferably 2.5 eV or more, further preferably 3
eV or more. In this manner, the off-state current of the tran-
sistor 100 can be reduced by using an oxide semiconductor
having a wide energy gap.

The thickness of the oxide semiconductor layer 105 is
greater than or equal to 3 nm and less than or equal to 200 nm,
preferably greater than or equal to 3 nm and less than or equal
to 100 nm, further preferably greater than or equal to 3 nm and
less than or equal to 50 nm.

The oxide layer 106 is typically an In—Ga oxide, an
In—Z7n oxide, or an In-M-Zn oxide, and the conduction band
minimum energy of the oxide layer 106 is closer to a vacuum
level than that of the oxide semiconductor layer 105, typically
the difference between the conduction band minimum energy
of'the oxide layer 106 containing In or Ga and the conduction
band minimum energy of the oxide semiconductor layer 105
is 0.05 eV or more, 0.07 €V or more, 0.1 eV or more, or 0.15
eVormoreand 2 eV orless, 1 eV orless, 0.5eV orless, or0.4
eV or less.

When the oxide layer 106 is an In-M-Zn oxide, in the
atomic ratio between In and m, the proportion of In be greater
than or equal to 25 atomic % and the proportion of M be less
than 75 atomic %, and it is further preferable that, in the
atomic ratio between In and m, the proportion of In be greater
than or equal to 34 atomic % and the proportion of M be less
than 66 atomic %.

In the case where the oxide semiconductor layer 105 and
the oxide layer 106 are each an In-M-Zn oxide, the atomic
ratio of M contained in the oxide layer 106 is higher than that
in the oxide semiconductor layer 105. The atomic ratio of M
contained in the oxide layer 106 is typically 1.5 times or more,
preferably twice or more, further preferably three times or
more as large as that in the oxide semiconductor layer 105.

In the case where the oxide semiconductor layer 105 and
the oxide layer 106 are each an In-M-Zn oxide, and the oxide
layer 106 has an atomic ratio of In to M and Zn which is
X,:y,:Z, and the oxide semiconductor layer 105 has an atomic
ratio of In to M and Zn which is X,:y,:Z,, y,/X, is larger than
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V./X,, preferably y,/x, is 1.5 times or more as large as y,/X,.
It is further preferable that y,/x, be twice or more as large as
Vo/X,. It is still further preferable that y,/x; be three times or
more as large as y,/X,. At this time, when y, is greater than or
equal to x, in the stacked-layer oxide film, a transistor includ-
ing the stacked-layer oxide film can have stable electrical
characteristics. However, when y, is 3 times or more as great
as X,, the field-effect mobility of the transistor including the
stacked-layer oxide film is reduced; accordingly, y, is pref-
erably less than 3 times X,.

For example, for the oxide semiconductor layer 105, an
In—Ga—7Z7n oxide in which an atomic ratio of In to Ga and
Znis 1:1:1 or 3:1:2 can be used, and for the oxide layer 106,
anIn—Ga—Z7n oxide in which an atomic ratio of In to Ga and
Znis 1:3:2, 1:6:4, or 1:9:6 can be used. Note that the atomic
ratio of each of the oxide semiconductor layer 105 and the
oxide layer 106 varies within a range of +20% of the above
atomic ratio as an error.

However, the composition is not limited to those described
above, and a material having the appropriate composition
may be used depending on required semiconductor charac-
teristics and electrical characteristics of the transistor (e.g.,
field-effect mobility and threshold voltage). Further, in order
to obtain the required semiconductor characteristics of the
transistor, it is preferable that the carrier density, the impurity
concentration, the defect density, the atomic ratio of a metal
element to oxygen, the interatomic distance, the density, and
the like of the oxide semiconductor layer 105 be set to appro-
priate values.

Note that the oxide layer 106 also functions as a film which
relieves damage to the oxide semiconductor layer 105 at the
time of forming the interlayer insulating film 109 later.

The thickness of the oxide layer 106 is greater than or equal
to 3 nm and less than or equal to 100 nm, preferably greater
than or equal to 3 nm and less than or equal to 50 nm.

When silicon or carbon which is one of elements belonging
to Group 14 is contained in the oxide semiconductor layer
105, the number of oxygen vacancies is increased, and the
oxide semiconductor layer 105 is changed to an n-type. Thus,
the concentration of silicon and carbon in part or entire of the
oxide semiconductor layer 105 or in a region of the oxide
semiconductor layer 105 which is close to the interface with
the oxide layer 106 is less than or equal to 2x10'® atoms/cm?,
preferably less than or equal to 2x10*7 atoms/cm?>.

Further, when an alkali metal or an alkaline earth metal is
bonded to an oxide semiconductor, carriers are in some cases
generated in the oxide semiconductor layer 105, which cause
anincrease in the off-state current of the transistor. Therefore,
the concentration of alkali metals or alkaline earth metals in
the oxide semiconductor layer 105 is preferably lower than or
equal to 1x10'® atoms/cm>, further preferably lower than or
equal to 2x10'¢ atoms/cm®.

Furthermore, in the transistor 100 of one embodiment of
the present invention, the interlayer insulating film 109 is
formed so as to be in contact with the stacked-layer oxide film
104. The interlayer insulating film 109 has a stacked-layer
structure of the oxide insulating film 1094 and the oxide
insulating film 1095 thereover.

The oxide insulating film 109« is an oxide insulating film
through which oxygen is permeated. Note that the oxide
insulating film 109« also functions as a film which relieves
damage to the stacked-layer oxide film 104 at the time of
forming the oxide insulating film 1095 later.

As the oxide insulating film 109a, a silicon oxide film, a
silicon oxynitride film, or the like having a thickness greater
than or equal to 5 nm and less than or equal to 150 nm,
preferably greater than or equal to 5 nm and less than or equal
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to 50 nm can be used. Note that in this specification, a ““silicon
oxynitride film” refers to a film that includes more oxygen
than nitrogen, and a “silicon nitride oxide film” refers to a film
that includes more nitrogen than oxygen.

Further, it is preferable that the number of defects in the
oxide insulating film 109a be small and typically the spin
density of a signal due to a dangling bond of silicon, which
appears when g is 2.001, be lower than or equal to 3x10*7
spins/cm’ by ESR measurement. This is because if the density
of defects in the oxide insulating film 1094 is high, oxygen is
bonded to the defects and the amount of oxygen that is per-
meated through the oxide insulating film 109a is decreased.

Further, it is preferable that the number of defects at the
interface between the oxide insulating film 109« and the
stacked-layer oxide film 104 be small and typically the spin
density of a signal due to a defect in the stacked-layer oxide
film 104, which appears when g is 1.93, be lower than or equal
to 1x10'7 spins/cm?, further preferably lower than or equal to
the lower limit of detection by ESR measurement.

Note that in the oxide insulating film 1094, all oxygen
entering the oxide insulating film 1094 from the outside does
not move to the outside of the oxide insulating film 1092 and
some oxygen remains in the oxide insulating film 109a. Fur-
ther, movement of oxygen occurs in the oxide insulating film
109a in some cases in such a manner that oxygen enters the
oxide insulating film 109« and oxygen contained in the oxide
insulating film 109a is moved to the outside of the oxide
insulating film 109a.

When the oxide insulating film through which oxygen is
permeated is formed as the oxide insulating film 109a, oxy-
gen released from the oxide insulating film 10956 provided
over the oxide insulating film 109a can be moved to the
stacked-layer oxide film 104 through the oxide insulating film
109a.

The oxide insulating film 1095 is formed so as to be in
contact with the oxide insulating film 109a. The oxide insu-
lating film 1095 is formed using an oxide insulating film that
contains oxygen at a proportion higher than that of oxygen in
the stoichiometric composition. Part of oxygen is released by
heating from the oxide insulating film that contains oxygen at
a proportion higher than that of oxygen in the stoichiometric
composition. The oxide insulating film that contains oxygen
at a proportion higher than that of oxygen in the stoichiomet-
ric composition is an oxide insulating film in which the
amount of released oxygen converted into oxygen atoms is
greater than or equal to 1.0x10'® atoms/cm®, preferably
greater than or equal to 3.0x10?° atoms/cm? in thermal des-
orption spectroscopy (TDS) analysis.

As the oxide insulating film 1095, a silicon oxide film, a
silicon oxynitride film, or the like having a thickness greater
than or equal to 30 nm and less than or equal to 500 nm,
preferably greater than or equal to 50 nm and less than or
equal to 400 nm can be used.

Further, it is preferable that the number of defects in the
oxide insulating film 1096 be small and typically the spin
density of a signal due to a dangling bond of silicon, which
appears when g is 2.001, be lower than or equal to 1.5x10"®
spins/cm’, further preferably lower than or equal to 1x10'®
spins/cm’ by ESR measurement. Note that the oxide insulat-
ing film 1095 is provided more apart from the stacked-layer
oxide film 104 than the oxide insulating film 1094 is; thus, the
oxide insulating film 1095 may have higher defect density
than the oxide insulating film 1094.

[2.2. Energy Band Structure]|

Here, the energy band structure taken along dashed-dotted

line C1-C2 in the vicinity of the stacked-layer oxide film 104
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in FIG. 1B is described with reference to FIG. 3A, and the
flow of carrier in the transistor 100 is described with reference
to FIGS. 3B and 3C.

In the band structure shown in FIG. 3A, for example, an
In—Ga—7n oxide (an atomic ratio of In to Ga and Zn is
1:1:1) with an energy gap of 3.15 eV is used for the oxide
semiconductor layer 105, and In—Ga—Z7n oxide (an atomic
ratio of In to Ga and Zn is 1:3:2) with an energy gap of 3.5eV
is used for the oxide layer 106.

As shown in FIG. 3A, in the stacked-layer oxide film 104,
a mixed region exists in a region of the oxide semiconductor
layer 105 which is close to the interface with the oxide layer
106, and the conduction band minimum energies vary con-
tinuously. In other words, in the vicinity of the interface
between the oxide semiconductor layer 105 and the oxide
layer 106, an impurity which forms a defect state such as a
trapping center or a recombination center does not exist or
hardly exists; thus, the energies vary gradually without a
barrier. In this specification, such a junction is referred to as
continuous junction. Such a band shape is caused by mutual
transfer of oxygen between the oxide semiconductor layer
105 and the oxide layer 106. If impurities are mixed between
the oxide semiconductor layer and the oxide layer which are
stacked, in some cases, the continuity of the energy bands is
lost and a defect state that traps a carrier is formed at the
interface. Further, in the stacked-layer oxide film 104, the
conduction band minimum energy of the oxide semiconduc-
tor layer 105 is the lowest; therefore, this region serves as a
channel formation region.

In order to form such a continuous junction, the layers need
to be stacked successively without being exposed to the air by
using a multi-chamber deposition system (sputtering appara-
tus) provided with a load lock chamber. It is preferable that
each chamber of the sputtering apparatus be evacuated to a
high vacuum (to the degree of about 1x10™* Pa to 5x10~7 Pa)
by an adsorption vacuum pump such as a cryopump so that
water and the like acting as impurities of the oxide semicon-
ductor layer are removed as much as possible. Alternatively,
a combination of a turbo molecular pump and a cold trap is
preferably used to prevent back-flow of a gas, especially a gas
containing carbon or hydrogen from an exhaust system into
each chamber.

Further alternatively, it is preferable to introduce a small
amount of an inert gas such as a rare gas into each chamber
also in steps other than the film formation process so that
backflow of a gas, especially a gas containing carbon or
hydrogen from the exhaust system into the chambers can be
prevented.

Not only high vacuum evaporation of the chamber but also
high purification of a sputtering gas is necessary to obtain a
highly purified intrinsic oxide semiconductor layer. As an
oxygen gas or an argon gas used as the sputtering gas, a gas
that is highly purified to have a dew point of —-40° C. or lower,
preferably -80° C. or lower, further preferably —100° C. or
lower, still further preferably —120° C. or lower is used, so
that entry of moisture or the like into the oxide semiconductor
layer can be prevented as much as possible. Further, a refiner
is provided close to the chamber so that impurities in the
sputtering gas are reduced with the refiner and a pipe is less
contaminated with impurities when they move from the
refiner to the chamber. As a result, a highly purified sputtering
gas can be introduced into the chamber.

Note that for each of the oxide semiconductor layer 105
and the oxide layer 106, a difference between the conduction
band minimum energy and the vacuum energy (the difference
is also referred to as an electron affinity) can be obtained by
subtracting an energy gap from a difference between the
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valence band maximum energy and the vacuum energy (the
difference is also referred to as an ionization potential). The
energy gap can be measured with the use of a spectroscopic
ellipsometer, and ionization potential can be measured using
an ultraviolet photoelectron spectroscopy (UPS) apparatus.

Now, a state where electrons serving as carrier flow in the
transistor is described with reference to FIGS. 3B and 3C.
Note that in FIGS. 3B and 3C, the number of electrons flow-
ing in the oxide semiconductor layer 105 is represented by a
size of a dotted arrow.

In the vicinity of the interface between the oxide layer 106
and the oxide insulating film 109a, trap states 120 are formed
by an impurity and defects. Thus, for example, in the case
where a channel formation region of the transistor is formed
with a single layer of the oxide semiconductor layer 105 as
illustrated in FIG. 3B, in the oxide semiconductor layer 105,
electrons mainly flow in a region on the gate insulating film
103 side, but some electrons flow in a region on the oxide
insulating film 109a side. Thus, part of the electrons are
trapped in the trap states 120.

On the other hand, since, in the transistor 100 of one
embodiment of the present invention, the oxide layer 106 is
provided between the oxide semiconductor layer 105 and the
oxide insulating film 109a as illustrated in FIG. 3C, there is a
distance between the oxide semiconductor layer 105 and the
trap states 120. Thus, electrons are less likely to be trapped in
the trap states 120. Note that when electrons are trapped in the
trap states, the trapped electrons function as negative fixed
charges. As a result, a threshold voltage of the transistor is
changed. However, by the distance between the oxide semi-
conductor layer 105 and the trap states 120, the number of
electrons trapped in the trap states 120 can be reduced, and
accordingly change in the threshold voltage can be reduced.

Note that when the energy difference AE1 of the conduc-
tion band minimum in the vicinity of the interface between
the oxide semiconductor layer 105 and the oxide layer 106 is
small, electrons are trapped in the trap states 120 by passing
over the energy difference AE1. Thus, the energy difference
AE1 between the conduction band minimum of the oxide
semiconductor layer 105 and the conduction band minimum
of the oxide layer 106 is greater than or equal to 0.1 eV,
preferably greater than or equal to 0.15 eV.

Further, the oxide insulating film 1095 (see FIG. 1B) that
contains oxygen at a proportion higher than that of oxygen in
the stoichiometric composition is provided on the back chan-
nel side of the stacked-layer oxide film 104 (a surface of the
stacked-layer oxide film 104 which is opposite to a surface
facing the gate electrode 102) with the oxide insulating film
109a through which oxygen is permeated provided therebe-
tween. Therefore, oxygen can be moved from the oxide insu-
lating film 1095 that contains oxygen at a proportion higher
than that of oxygen in the stoichiometric composition to the
oxide semiconductor layer 105 included in the stacked-layer
oxide film 104, whereby oxygen vacancies in the oxide semi-
conductor layer 105 can be reduced.

From the above, oxygen vacancies in the stacked-layer
oxide film 104 can be reduced by providing the stacked-layer
oxide film 104 including the oxide semiconductor layer 105
and the oxide layer 106. Further, the oxygen vacancies can be
reduced also by providing the oxide insulating film 1095 that
contains oxygen at a proportion higher than that of oxygen in
the stoichiometric composition over the stacked-layer oxide
film 104 with the oxide insulating film 1094 through which
oxygen is permeated provided therebetween. Furthermore,
when the oxide layer 106 is provided between the oxide
semiconductor layer 105 and the oxide insulating film 1094,
the concentration of silicon or carbon in the oxide semicon-
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ductor layer 105 or the oxide layer 106, or in the vicinity of the
interface between the oxide semiconductor layer 105 and the
oxide layer 106 can be reduced.

Consequently, the absorption coefficient of the stacked-
layer oxide film 104 which is calculated by a constant pho-
tocurrent method (CPM) is lower than 1x10~>/cm, preferably
lower than 1x10~*/cm. The absorption coefficient has a posi-
tive correlation with an energy corresponding to the localized
levels due to oxygen vacancies and entry of impurities (the
energy calculated from the wavelength); thus, the density of
localized levels in the stacked-layer oxide film 104 is
extremely low.

Note that the absorption coefficient which is called an
Urbach tail due to the band tail is removed from a curve of the
absorption coefficient obtained by the CPM measurement,
whereby the absorption coefficient due to the localized states
can be calculated from the following formula. Note that the
Urbach tail indicates a constant gradient region on a curve of
the absorption coefficient obtained by the CPM measure-
ment, and the gradient is called Urbach energy.

o(E) —ay
[0 g

Here, a(E) indicates the absorption coefficient at each
energy level and o, indicates the absorption coefficient
obtained by the Urbach tail.

Since the transistor 100 having such a structure includes
very few defects in the channel formation region of the
stacked-layer oxide film 104 including the oxide semicon-
ductor layer 105, the electrical characteristics of the transistor
can be improved. Further, in a BT stress test and a BT pho-
tostress test which are examples of a stress test, the threshold
voltage does not shift or the amount of the shift in the negative
direction or the positive direction is less than or equal to 1.0V,
preferably less than or equal to 0.5 V; thus, high reliability can
be obtained.

[2.3. Components of Transistor]

The specific components of the transistor 100 are described
below with reference to FIGS. 1A to 1C.

There is no particular limitation on a material and the like
of'the substrate 101 as long as the material has heat resistance
enough to withstand at least heat treatment to be performed
later. For example, a glass substrate, a ceramic substrate, a
quartz substrate, or a sapphire substrate may be used as the
substrate 101. Alternatively, a single crystal semiconductor
substrate or a polycrystalline semiconductor substrate made
of silicon, silicon carbide, or the like, a compound semicon-
ductor substrate made of silicon germanium or the like, an
SOI substrate, or the like may be used as the substrate 101.
Further, alternatively any of these substrates further provided
with a semiconductor element may be used as the substrate
101.

Still further alternatively, a flexible substrate may be used
as the substrate 101, and the transistor 100 may be provided
directly on the flexible substrate. A separation layer may be
provided between the substrate 101 and the transistor 100.
After part or the whole of the semiconductor device including
the transistor is formed over the separation layer, the transis-
tor and the like are separated from the substrate 101 along the
separation layer and can be transferred to another substrate.
By this separation and transfer method, the transistor 100 can
be formed over a substrate having low heat resistance or a
flexible substrate.

[FORMULA 1]
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The gate electrode 102 can be formed using a metal mate-
rial selected from aluminum, chromium, copper, tantalum,
titanium, molybdenum, tungsten, neodymium, niobium,
scandium, manganese, and zirconium; an alloy material con-
taining any one of these metal materials as a component; an
alloy material containing any of these metal materials in
combination; a nitride material of any of these metal materi-
als; or the like. Furthermore, the gate electrode 102 may have
a single-layer structure or a stacked-layer structure of two or
more layers. For example, a single-layer structure of an alu-
minum film containing silicon, a two-layer structure in which
a molybdenum film is stacked over an aluminum film, a
two-layer structure in which a molybdenum film is stacked
over an aluminum film containing neodymium, a two-layer
structure in which a titanium film is stacked over an alumi-
num film, a two-layer structure in which a molybdenum film
is stacked over a copper film, a two-layer structure in which a
copper film is stacked over a molybdenum-titanium alloy
film, a two-layer structure in which titanium film is stacked
over a titanium nitride film, a two-layer structure in which a
tungsten film is stacked over a titanium nitride film, a two-
layer structure in which a tungsten film is stacked over a
tantalum nitride film, a three-layer structure in which a
molybdenum film, an aluminum film, and a molybdenum film
are stacked in this order, a three-layer structure in which a
titanium film, an aluminum film, and a titanium film are
stacked in this order, and the like can be given.

Alternatively, as the gate electrode 102, an oxide film such
as an In—Zn—W oxide film, an In—Sn oxide film, an
In—Zn oxide film, an In oxide film, a Zn oxide film, or a Sn
oxide film can be used. A slight amount of Al, Ga, Sb, F, or the
like may be added to the above oxide film. Further, a metal
thin film having a thickness enough to transmit light (prefer-
ably, approximately 5 nm to 30 nm) can also be used. For
example, an Ag film, a Mg film, or an Ag—Mg alloy film with
a thickness of 5 nm may be used. Further, graphene may be
used. [tis also possible to have a stacked-layer structure of the
above light-transmitting conductive material and the above
metal material.

Further alternatively, an In—Ga—Z7n oxynitride semicon-
ductor film, an In—Sn oxynitride semiconductor film, an
In—Ga oxynitride semiconductor film, an In—Z7n oxynitride
semiconductor film, a Sn oxynitride semiconductor film, an
In oxynitride semiconductor film, a film of a metal nitride
(such as InN or ZnN), or the like may be provided between the
gate electrode 102 and the gate insulating film 103. These
films each have a work function higher than or equal to 5 eV,
preferably higher than or equal to 5.5 eV, which is higher than
the electron affinity of an oxide semiconductor; thus, the
threshold voltage of a transistor including an oxide semicon-
ductor can shift in the positive direction. Accordingly, a
switching element having what is called normally-off char-
acteristics can be achieved. For example, in the case of using
an In—Ga—Z7n oxynitride semiconductor film, an In—Ga—
Zn oxynitride semiconductor film having a higher nitrogen
concentration than at least the oxide semiconductor layer 105,
specifically, an In—Ga—Z7n oxynitride semiconductor film
having a nitrogen concentration of 7 atomic % or higher is
used.

The gate insulating film 103 may be formed to have a
single-layer structure or a stacked-layer structure using, for
example, one or more of a silicon oxide film, a silicon oxyni-
tride film, a silicon nitride oxide film, a silicon nitride film, an
aluminum oxide film, a hafnium oxide film, a gallium oxide
film, and a Ga—Z7n metal oxide film.

Here, the gate insulating film 103 may be formed using an
oxide insulator from which oxygen is released by heating.
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With the use of a film from which oxygen is released by
heating as the gate insulating film 103, interface states at the
interface between the stacked-layer oxide film 104 and the
gate insulating film 103 can be reduced; accordingly, a tran-
sistor with less deterioration in electrical characteristics can
be obtained.

It is possible to prevent outward diffusion of oxygen from
the stacked-layer oxide film 104 and entry ofhydrogen, water,
or the like into the stacked-layer oxide film 104 from the
outside by providing an insulating film having a blocking
effect against oxygen, hydrogen, water, and the like as the
gate insulating film 103. As the insulating film having a block-
ing effect against oxygen, hydrogen, water, and the like, a
silicon nitride film, a silicon nitride oxide film, an aluminum
oxide film, an aluminum oxynitride film, a gallium oxide film,
a gallium oxynitride film, an yttrium oxide film, an yttrium
oxynitride film, a hafnium oxide film, and a hafnium oxyni-
tride film can be given as examples.

Thus, it is particularly preferable that the gate insulating
film 103 have a stacked-layer structure of two or more layers
in which the film of the oxide insulator from which oxygen is
released by heating is provided on the side close to the
stacked-layer oxide film 104 and the insulating film having a
blocking effect against oxygen, hydrogen, water, and the like
is provided on the side close to the gate electrode 102.

Further, the gate insulating film 103 may be formed using
a high-k material such as hafnium silicate (HfSiO,), hafnium
silicate to which nitrogen is added (HfSiO0,0,N), hafnium
aluminate to which nitrogen is added (HfA1, O, N,), hafnium
oxide, or yttrium oxide, so that gate leakage current of the
transistor can be reduced.

The thickness of the gate insulating film 103 is greater than
or equal to 5 nm and less than or equal to 400 nm, preferably
greater than or equal to 10 nm and less than or equal to 300
nm, further preferably greater than or equal to 50 nm and less
than or equal to 250 nm.

Further, it is possible to prevent outward diffusion of oxy-
gen from the stacked-layer oxide film 104 and entry of hydro-
gen, water, or the like into the stacked-layer oxide film 104
from the outside by providing the interlayer insulating film
111 having a blocking effect against oxygen, hydrogen,
water, and the like over the oxide insulating film 1095
included in the interlayer insulating film 109.

Here, in formation of the transistor 100, a low-resistance
metal material may be used for the source electrode 1084 and
the drain electrode 1084. In particular, when a display module
with a large-area display is manufactured, a problem of signal
delay due to resistance of a wiring becomes prominent.
Accordingly, it is preferable that a metal material with a low
electric resistance value be used for a material of a wiring and
an electrode.

On the other hand, in the case of a structure in which the
stacked-layer oxide film 104 is in contact with the source
electrode 108a and the drain electrode 1086 formed using a
metal material having low electric resistance value, contact
resistance might be high. One of the factors causing high
contact resistance is probably Schottky junction that is
formed at the interface between the stacked-layer oxide film
104 and each of the source electrode 108a and the drain
electrode 1085. In addition, capacitor is formed in each of
portions of the stacked-layer oxide film 104 which are in
direct contact with the source electrode 1084 and the drain
electrode 1085, and frequency characteristics (also referred to
as f characteristics) are lowered. Therefore, high-speed
operation of the transistor 100 might be hindered.

Thus, an n* region 110 is preferably provided in each of
portions of the stacked-layer oxide film 104 which are in
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direct contact with the source electrode 1084 and the drain
electrode 1085, as illustrated in FIGS. 6B and 6C.

In order to form the n* regions 110, the source electrode
108a and the drain electrode 1085 are formed using a con-
ductive material which is easily bonded to oxygen, such as
tungsten, titanium, aluminum, copper, molybdenum, chro-
mium, or tantalum, or an alloy containing at least one of these
materials as a component. With these materials, oxygen con-
tained in the stacked-layer oxide film 104 in contact with the
source electrode 108a and the drain electrode 1085 is bonded
to the conductive material contained in the source electrode
108a and the drain electrode 1085; thus, regions including
oxygen vacancies are formed in the stacked-layer oxide film
104. Since these regions function as the n* regions 110, con-
tact resistance between the stacked-layer oxide film 104 and
each of the source electrode 108a and the drain electrode
1085 can be reduced and formation of a capacitor can be
prevented.

As described above, to form the n* regions 110 means to
form regions including oxygen vacancies in the stacked-layer
oxide film 104. Such n* regions 110 in the stacked-layer oxide
film 104 are mainly formed at the time of the formation of a
film including the conductive material which is used for the
source electrode 1084 and the drain electrode 1085 and at the
time of heat treatment performed on the stacked-layer oxide
film 104.

The n* regions 110 in the stacked-layer oxide film 104
which are formed at the time of heat treatment after the
formation of the source electrode 1084 and the drain elec-
trode 1085 are formed in such a manner that oxygen in the
stacked-layer oxide film 104 is extracted into the conductive
material which is included in the source electrode 1084 and
the drain electrode 1084 and then In is reduced, for example.
Alternatively, the n* regions 110 are formed in the stacked-
layer oxide film 104 by diffusion of the conductive material
included in the source electrode 108a and the drain electrode
1085 into the stacked-layer oxide film 104. Since in such
cases the n* region 110 is formed in each of the portions of the
stacked-layer oxide film 104 which are close to the source
electrode 108a and the drain electrode 1085, change of a
channel formation region to an n-type can be avoided.

However, for example, in the case where tungsten is used
for the source electrode 108a and the drain electrode 1085, at
a stage where a tungsten film is formed over the stacked-layer
oxide film 104 by a sputtering method to form the source
electrode 1084 and the drain electrode 1085, the upper sur-
face of the stacked-layer oxide film 104 over which the tung-
sten film is formed is entirely damaged. This is probably due
to plasma damage at the formation of the tungsten film or
damage that occurs by collision of atoms or molecules of
tungsten.

That is, such a damaged region is a region where an oxygen
vacancy is formed due to separation of a bond in the oxide
close to the upper surface of the stacked-layer oxide film 104.
Thus, the portion of the stacked-layer oxide film 104 which is
close to its upper surface is uniformly changed to an n-type;
therefore, in the case where the source electrode 108a and the
drain electrode 1085 are formed by processing the formed
tungsten film, the portions of the stacked-layer oxide film 104
which are in contact with the source electrode 1084 and the
drain electrode 1085 can be used as the n* region 110, which
is advantageous.

However, since the portion of the stacked-layer oxide film
104 which is close to its upper surface is uniformly changed
to an n-type, a depression portion 112 (see FIGS. 6B and 6C)
on a back channel side between the source electrode 1084 and
the drain electrode 1085 is also changed to an n-type. This
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induces degraded electrical characteristics of the transistor
100, such as normally-on characteristics, an increase of a
leakage current, and a shift of a threshold voltage by applica-
tion of stress.

Thus, it is necessary to change the n-type depression por-
tion 112 of the stacked-layer oxide film 104 which is close to
its upper surface to an i-type. Therefore, it is necessary to
perform a step of changing the stacked-layer oxide film 104 in
the depression portion 112 to an i-type by compensating
excess oxygen (exO) for the stacked-layer oxide film 104 to
reduce oxygen vacancies in such manner that the above-
described oxide insulating film 109a through which oxygen is
permeated is provided in contact with the upper surface of the
stacked-layer oxide film 104 having the depression portion
112, the oxide insulating film 1095 containing excess oxygen
is provided thereover, and then heat treatment is performed.

However, even with such treatment to change the stacked-
layer oxide film 104 which has been changed to an n-type at
once to an i-type, the stacked-layer oxide film 104 might not
be changed to an i-type sufficiently.

Thus, a method for manufacturing the transistor in which
the n* regions 110 are formed and the depression portion 112
of the stacked-layer oxide film 104 on the back channel side
is changed to an i-type is described below.

[3. Method for Manufacturing Transistor|
[3.1. Formation of Gate Electrode and Gate Insulating Film]

A method for manufacturing the transistor 100 is described
with reference to FIGS. 5A to 5E and FIGS. 6A to 6C. In this
manufacturing method, the case of using titanium as the con-
ductive material of the source electrode 1084 and the drain
electrode 1085 of the transistor 100 is described.

As illustrated in FIG. 5A, the gate electrode 102 is formed
over the substrate 101, and the gate insulating film 103 is
formed over the gate electrode 102. Here, a glass substrate is
used as the substrate 101.

Next, the gate electrode 102 is formed. First, a conductive
film is formed by a sputtering method, a CVD method, an
evaporation method, or the like and then a photoresist mask is
formed over the conductive film through a photolithography
process. Then, part of the conductive film is etched using the
photoresist mask to form the gate electrode 102. After that,
the photoresist mask is removed.

Note that instead of the above formation method, the gate
electrode 102 may be formed by an electrolytic plating
method, a printing method, an ink-jet method, or the like.

Here, a 100-nm-thick tungsten film is formed by a sputter-
ing method. Then, a photoresist mask is formed by a photo-
lithography process and the tungsten film is dry-etched using
the photoresist mask to form the gate electrode 102.

The gate insulating film 103 is formed by a sputtering
method, a CVD method, an evaporation method, or the like.

In the case where the gate insulating film 103 is formed
using a silicon oxide film, a silicon oxynitride film, or a
silicon nitride oxide film, a deposition gas containing silicon
and an oxidizing gas are preferably used as a source gas. As
the deposition gas containing silicon, silane, disilane, trisi-
lane, and silane fluoride can be used, for example. As the
oxidizing gas, oxygen, ozone, dinitrogen monoxide, and
nitrogen dioxide can be used, for example.

In the case of forming a silicon nitride film as the gate
insulating film 103, it is preferable to employ a two-step
formation method. First, a first silicon nitride film having few
defects is formed by a plasma CVD method in which a mixed
gas of silane, nitrogen, and ammonia is used as a source gas.
Then, a second silicon nitride film in which the hydrogen
concentration is low and hydrogen can be blocked is formed
by switching the source gas to a mixed gas of silane and
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nitrogen. With such a formation method, a silicon nitride film
having few defects and a blocking property against hydrogen
can be formed as the gate insulating film 103.

Moreover, in the case of forming a gallium oxide film as the
gate insulating film 103, a metal organic chemical vapor
deposition (MOCVD) method can be employed.

[3.2. Formation of Stacked-Layer Oxide Film]

Next, a stacked-layer oxide film 104 is formed over the gate
insulating film 103 as illustrated in FIG. 5B. Here, the
stacked-layer oxide film 104 has a two-layer structure of an
oxide semiconductor layer 105 as the lower layer and an
oxide layer 106 as the upper layer. Note that the stacked-layer
oxide film 104 does not necessarily have a two-layer structure
and may have a stacked-layer structure of three or more layers
or alternatively a single layer structure of the oxide semicon-
ductor layer 105.

In the stacked-layer oxide film 104, first, the oxide semi-
conductor layer 105 and the oxide layer 106 are successively
formed over the gate insulating film 103 by a sputtering
method or the like. Next, after a photoresist mask is formed
over the stacked-layer oxide film 104 by a photolithography
process, the oxide semiconductor layer 105 and the oxide
layer 106 are partly etched using the photoresist mask.
Accordingly, the stacked-layer oxide film 104 having a pre-
determined shape in which the oxide semiconductor layer
105 and the oxide layer 106 are stacked over the gate insulat-
ing film 103 and subjected to element isolation so as to partly
overlap with the gate electrode 102 is formed as illustrated in
FIG. 5C. The stacked-layer oxide film can be etched using, for
example, a mixed gas of methane (CH,) and argon (Ar) by a
dry etching method. Alternatively, a wet etching method
using a mixed solution of phosphoric acid, nitric acid, and
acetic acid, or the like may be employed. Then, the photore-
sist mask is removed.

Although the oxide semiconductor layer 105 and the oxide
layer 106 included in the stacked-layer oxide film 104 can be
formed by a coating method, a pulsed laser deposition
method, a laser ablation method, or the like in addition to a
sputtering method, it is particularly preferable to employ a
sputtering method.

In the case where the oxide semiconductor layer 105 and
the oxide layer 106 are formed by a sputtering method, for a
power supply device for generating plasma, an RF power
supply device, an AC power supply device, a DC power
supply device, or the like can be used as appropriate. Note that
in the case where a CAAC-OS layer which will be described
later is used as the oxide semiconductor layer 105 or the oxide
layer 106, it is particularly preferable to use a DC power
supply device.

As a sputtering gas, an atmosphere of a rare gas such as
argon or oxygen, or a mixed atmosphere of a rare gas and
oxygen is used as appropriate. In the case where the mixed
atmosphere of a rare gas and oxygen is used, the proportion of
oxygen is preferably higher than that of a rare gas.

Further, a sputtering target may be selected as appropriate
in accordance with the composition of the oxide semiconduc-
tor layer 105 or the oxide layer 106 to be formed.

[3.2.1. Formation of Stacked-Layer Oxide Film]

Here, the oxide semiconductor layer and the oxide layer are
described in detail. Each of the oxide semiconductor layer
105 and the oxide layer 106 included in the stacked-layer
oxide film 104 contains at least indium (In) and can be formed
using a sputtering target with which a film can be formed by
a sputtering method, preferably a DC sputtering method. By
containing indium, the sputtering target can have increased
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conductivity. With the use of such a sputtering target, film
formation by a DC sputtering method is performed more
easily.

As amaterial forming the oxide layer 106, a material which
is represented by an In-M-Zn oxide (a metal element such as
Al Ti, Ga, Ge, Y, Zr, Sn, La, Ce, or Hf) is used. As M, Ga is
preferably used.

Note that for the oxide layer 106, a material which has a
lower proportion of indium and a higher proportion of M in
the atomic ratio than those of a material used for the oxide
semiconductor layer 105 is used. The indium and gallium
contents of the oxide layer can be compared by time-of-flight
secondary ion mass spectrometry (also referred to as TOF-
SIMS) or X-ray photoelectron spectrometry (also referred to
as XPS).

The crystallinity of the oxide layer 106 or the oxide semi-
conductor layer 105 will be described below.

The oxide layer 106 or the oxide semiconductor layer 105
can be a non-single-crystal oxide semiconductor layer, for
example. The non-single-crystal oxide semiconductor layer
includes any of an amorphous oxide semiconductor layer, a
microcrystalline oxide semiconductor layer, a polycrystalline
oxide semiconductor layer, a c-axis aligned crystalline oxide
semiconductor (CAAC-OS) layer, and the like. Note that the
oxide layer 106 or the oxide semiconductor layer 105 may be
a single crystal oxide semiconductor layer.

The oxide layer 106 or the oxide semiconductor layer 105
may be a mixed layer including any of a CAAC-OS, a micro-
crystalline oxide semiconductor, and an amorphous oxide
semiconductor. The mixed layer, for example, includes a
region of an amorphous oxide semiconductor, a region of a
microcrystalline oxide semiconductor, and a region of a
CAAC-OS. Further, the mixed layer may have a stacked-layer
structure including a region of an amorphous oxide semicon-
ductor, a region of a microcrystalline oxide semiconductor,
and a region of a CAAC-OS, for example.

The amorphous oxide semiconductor layer, for example,
has disordered atomic arrangement and no crystalline com-
ponent. Alternatively, the amorphous oxide semiconductor
layer is, for example, absolutely amorphous and has no crys-
tal part.

The microcrystalline oxide semiconductor layer includes
microcrystal (also referred to as nanocrystal) with a size
greater than or equal to 1 nm and less than 10 nm, for example.
Note that the density of defect states of the microcrystalline
oxide semiconductor layer is lower than that of the amor-
phous oxide semiconductor layer.

The CAAC-OS layer includes a plurality of crystal parts. In
the entire CAAC-OS layer, a c-axis is aligned in a direction
parallel to a normal vector of a surface where the CAAC-OS
film is formed or a normal vector of a surface of the CAAC-
OS film, but an a-axis and a b-axis are not aligned. Note that
the density of defect states of the CAAC-OS layer is lower
than those of the amorphous oxide semiconductor layer and
the microcrystalline oxide semiconductor layer.

In the entire CAAC-OS layer, a c-axis is aligned in a
direction parallel to a normal vector of a surface where the
CAAC-OS film is formed or a normal vector of a surface of
the CAAC-OS film, but an a-axis and a b-axis are not aligned.
In the crystal part included in the CAAC-OS layer, metal
atoms are arranged in a triangular or hexagonal configuration
when seen from the direction perpendicular to the a-b plane,
and metal atoms are arranged in a layered manner or metal
atoms and oxygen atoms are arranged in a layered manner
when seen from the direction perpendicular to the c-axis.
Note that in this specification, a simple term “perpendicular”
includes a range from 80° to 100°, preferably from 85°to 95°.
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In addition, a term “parallel” includes a range from -10° to
10°, preferably from -5° to 5°.

Note that in most cases, a crystal part in the CAAC-OS
layer fits inside a cube whose one side is less than 100 nm. In
an image obtained with a transmission electron microscope
(TEM), a boundary between crystal parts in the CAAC-OS
layer are not clearly detected. Further, with the TEM, a grain
boundary in the CAAC-OS layer is not clearly found. Thus, in
the CAAC-OS layer, a reduction in electron mobility due to
the grain boundary is less likely to occur.

In the CAAC-OS layer, distribution of crystal parts is not
necessarily uniform. For example, in the formation process of
the CAAC-OS layer, in the case where crystal growth occurs
from a surface side of the oxide semiconductor layer, the
proportion of crystal parts in the vicinity of the surface of the
oxide semiconductor layer is higher than that in the vicinity of
the surface where the oxide semiconductor film is formed in
some cases. Further, when an impurity is added to the CAAC-
OS layer, crystallinity of the crystal part in a region to which
the impurity is added is lowered in some cases.

In the plurality of crystal parts included in the CAAC-OS
layer, c-axes of crystals are aligned in the direction parallel to
a normal vector of a surface where the CAAC-OS layer is
formed or a normal vector of a surface of the CAAC-OS layer
in a region where the crystal parts are formed. Therefore, the
c-axes of the crystals are aligned in various directions
depending on the shape of the CAAC-OS layer. That is, the
directions of the c-axes of crystals in the plurality of crystal
parts may be different from each other depending on the
shape of the CAAC-OS layer (the cross-sectional shape of the
surface where the CAAC-OS layer is formed or the cross-
sectional shape of the surface of the CAAC-OS layer)

Note that the crystal part included in the CAAC-OS layer is
formed concurrently with formation of the CAAC-OS layer
or is formed through crystallization treatment such as heat
treatment. Hence, the c-axes of the crystal parts are aligned in
the direction parallel to a normal vector of the surface where
the CAAC-OS layer is formed or a normal vector of the
surface of the CAAC-OS layer. For example, in the case
where the shape of the CAAC-OS layer is changed by etching
or the like after the crystal part is formed, a normal vector of
the surface of the CAAC-OS layer after its shape is changed
is not parallel to the direction of the c-axis of the crystal in
some cases.

For example, when the CAAC-OS layer including a crystal
of InGaZnO, is analyzed by an out-of-plane method with an
X-ray diffraction (XRD) apparatus, a peak appears at 20 of
around 31° in some cases. The peak at 20 of around 31° is
derived from the (009) plane of a crystal of InGaZnO,,. Fur-
ther, for example, in the CAAC-OS layer including a crystal
of ZnGa,0,, a peak appears at 26 of around 36° in some
cases. The peak at 20 of around 36° is derived from the (311)
plane of a crystal of ZnGa,O,. The CAAC-OS layer is pref-
erably an oxide semiconductor layer in which a peak appears
at 20 of around 31° and do not appear at 26 of around 36°.

For example, when the CAAC-OS layer including a crystal
of InGaZnO, is analyzed with an XRD apparatus by an in-
plane method in which an X-ray enters a sample in a direction
perpendicular to the c-axis, a peak appears at 20 of around 56°
in some cases. The peak at 20 of around 56° is derived from
the (110) plane of a crystal of InGaZnO,. Here, when analysis
(¢ scan) is performed with 26 fixed at around 56° and with a
sample rotated using a normal vector of a surface of the
sample as an axis (¢ axis), although six peaks which show a
plane equivalent to the (110) plane appear in the case of a
single crystal oxide semiconductor layer in which the direc-
tions of an a-axis and a b-axis of one crystal part are the same
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as those of another crystal part, a peak is not clearly observed
in the case of the CAAC-OS layer.

In a transistor using the CAAC-OS layer, change in elec-
trical characteristics due to irradiation with visible light or
ultraviolet light is small. Thus, the transistor has high reliabil-
ity.

Note that when silicon and carbon are contained in the
oxide semiconductor layer at a high concentration, the crys-
tallinity of the oxide semiconductor layer is lowered in some
cases. Since at least the oxide semiconductor layer 105 ofthe
stacked-layer oxide film 104 is preferably a CAAC-OS film
as described above, it is preferable to reduce the concentra-
tions of silicon and carbon contained in the oxide semicon-
ductor layer 105. Specifically, the concentration of silicon in
part or entire of the oxide semiconductor layer 105 can be less
than 1x10*° atoms/cm®, preferably less than 5x10'® atoms/
cm?®, further preferably less than 1x10"® atoms/cm®. The con-
centration of carbon in part or entire of the oxide semicon-
ductor layer 105 can be less than 1x10'° atoms/cm?,
preferably less than 5x10'® atoms/cm®, further preferably
less than 1x10'® atoms/cm?.

In addition, the oxide layer 106 may have an amorphous
structure or include a crystal part. Formation of the oxide
layer 106 over the oxide semiconductor layer 105 having a
crystal part allows the oxide layer 106 to have a crystal struc-
ture. In this case, a boundary between the oxide semiconduc-
tor layer 105 and the oxide layer 106 cannot be clearly iden-
tified by observation of the cross section with a transmission
electron microscope (TEM) in some cases. Note that the
oxide layer 106 has lower crystallinity than the oxide semi-
conductor layer 105. Hence, it can be said that the boundary
can be determined by the degree of crystallinity.

[3.2.2. Preferable Conditions for Forming CAAC-OS Layer]

For the formation of the CAAC-OS layer, the following
conditions are preferably employed.

The substrate temperature at the formation of the CAAC-
OS layer is preferably high. For example, the CAAC-OS layer
can be formed when an oxide semiconductor layer is formed
at a substrate heating temperature of 100° C. to 740° C.,
preferably 200° C. to 500° C., further preferably 150° C. to
450° C.

For example, when the CAAC-OS layer is formed with the
concentration of impurities reduced, the crystal state of the
oxide semiconductor can be prevented from being broken by
impurities. For example, impurities (e.g., hydrogen, water,
carbon dioxide, and nitrogen) existing in a film formation
chamber of a sputtering apparatus are preferably reduced. In
addition, impurities in a film formation gas are preferably
reduced. For example, a film formation gas whose dew point
is —80° C. or lower, preferably —100° C. or lower is preferably
used as a film formation gas.

Furthermore, it is preferable that the proportion of oxygen
in the film formation gas be increased and the power be
optimized in order to reduce plasma damage at the film for-
mation. The proportion of oxygen in the film formation gas is
30 vol % or higher, preferably 100 vol %.

Afterthe CAAC-OS layer is formed, heat treatment may be
performed. The temperature of the heat treatment is higher
than or equal to 100° C. and lower than or equal to 740° C.,
preferably higher than or equal to 200° C. and lower than or
equal to 500° C. Further, the heat treatment is performed for
1 minute to 24 hours, preferably 6 minutes to 4 hours. The
heat treatment may be performed in an inert atmosphere or an
oxidation atmosphere. It is preferable to perform heat treat-
ment in an inert atmosphere and then to perform heat treat-
ment in an oxidation atmosphere. The heat treatment in an
inert atmosphere can reduce the concentration of impurities
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in the CAAC-OS layer in a short time. At the same time, the
heat treatment in an inert atmosphere might generate oxygen
vacancies in the CAAC-OS layer. In that case, the heat treat-
ment in an oxidation atmosphere can reduce the oxygen
vacancies. The heat treatment can further increase the crys-
tallinity of the CAAC-OS layer. Note that the heat treatment
may be performed under a reduced pressure, such as 1000 Pa
or lower, 100 Paor lower, 10 Pa or lower, or 1 Pa or lower. The
heat treatment under the reduced pressure can reduce the
concentration of impurities in the CAAC-OS layer in a
shorter time.

The concentration of hydrogen in the CAAC-OS layer
formed in the above manner, which is measured by secondary
ion mass spectrometry (SIMS), can be set to be lower than or
equal to 2x10°° atoms/cm?, preferably lower than or equal to
5x10*° atoms/cm?, further preferably lower than or equal to
1x10* atoms/cm?, still further preferably lower than or equal
to 5x10"® atoms/cm’.

The concentration of nitrogen in the CAAC-OS layer
formed in the above manner, which is measured by SIMS, can
be set to be lower than 5x10'° atoms/cm®, preferably lower
than or equal to 5x10'® atoms/cm’, further preferably lower
than or equal to 1x10"® atoms/cm?, still further preferably
lower than or equal to 5x10'7 atoms/cm®.

The concentration of carbon in the CAAC-OS layer formed
in the above manner, which is measured by SIMS, can be set
to be lower than 5x10'° atoms/cm®, preferably lower than or
equal to 5x10"® atoms/cm?, further preferably lower than or
equal to 1x10'® atoms/cm?, still further preferably lower than
or equal to 5x10'7 atoms/cm>.

The concentration of'silicon in the CAAC-OS layer formed
in the above manner, which is measured by SIMS, can be set
to be lower than 5x10*° atoms/cm?, preferably lower than or
equal to 5x10'® atoms/cm?, further preferably lower than or
equal to 1x10'® atoms/cm?, still further preferably lower than
or equal to 5x10'7 atoms/cm®.

The amount of each of the following gas molecules (atoms)
released from the CAAC-OS layer formed in the above man-
ner can be less than or equal to 1x10"%/cm?®, preferably less
than or equal to 1x10'®/cm?®, which is measured by thermal
desorption spectroscopy (TDS) analysis: a gas molecule
(atom) having a mass-to-charge ratio (m/z) of 2 (e.g., hydro-
gen molecule), a gas molecule (atom) having a mass-to-
charge ratio (m/z) of 18, a gas molecule (atom) having a
mass-to-charge ratio (n/z) of 28, and a gas molecule (atom)
having a mass-to-charge ratio (m/z) of 44.

In the stacked-layer oxide film 104, hydrogen, nitrogen,
carbon, silicon, and a metal element other than the main
component become an impurity. In order to reduce the con-
centration of impurities in the stacked-layer oxide film 104, it
is preferable to reduce also the concentration of impurities in
the gate insulating film 103 and the interlayer insulating film
109 which are adjacent to the stacked-layer oxide film 104.
For example, silicon in the interlayer insulating film 109
forms an impurity state. In some cases, the impurity state
becomes a trap, which degrades electrical characteristics of
the transistor.

The off-state current of a transistor manufactured using the
above oxide semiconductor layer for a channel formation
region can be sufficiently reduced (here, the off-state current
means a drain current when a potential difference between a
source and a gate is lower than or equal to the threshold
voltage in the off state, for example). In the case where a
highly purified oxide semiconductor layer is used for a tran-
sistor with a channel length of 10 um, an oxide film thickness
01’30 nm, and a drain voltage of about 1 V to 10V, the off-state
current of the transistor can be 1x107'> A or less. In addition,
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the off-state current per channel width (the value obtained by
dividing the off-state current by the channel width of the
transistor) can be made about 1x107** A/um (10 yA/um) to
1x107%% A/uM (100 yA/uM).

Inthe above manner, a CAAC-OS layer can be formed. The
CAAC-O0S layer can be favorably used as the oxide semicon-
ductor layer 105 or the oxide layer 106 in the stacked-layer
oxide film 104.

Note that heat treatment is preferably performed to remove
hydrogen or moisture in the stacked-layer oxide film 104 after
its formation. For example, the heat treatment may be per-
formed at 450° C. in a nitrogen atmosphere for one hour to
dehydrate or dehydrogenate the stacked-layer oxide film 104.

Further, in order to reduce oxygen vacancies in the stacked-
layer oxide film 104, it is preferable that, for example, heat
treatment be further performed at 450° C. in a mixed atmo-
sphere of nitrogen and oxygen for one hour.

[3.3. Electrode Containing Titanium|

Next, the source electrode and the drain electrode are
formed over the stacked-layer oxide film 104.

First, a conductive film 107 is formed by a sputtering
method, a CVD method, an evaporation method, or the like as
illustrated in FIG. 5D. A photoresist mask is formed over the
conductive film by a photolithography process. Then, the
conductive film 107 is etched using the photoresist mask, so
that the source electrode 108a and the drain electrode 1085
are formed. After that, the photoresist mask is removed.
Through the above process, the source electrode 1084 and the
drain electrode 1085 illustrated in FIG. SE are formed.

The conductive film 107 in FIG. 5D and the source elec-
trode 1084 and the drain electrode 1085 in FIG. 5E are each a
single layer; however, the conductive film 107 and the source
electrode 1084 and the drain electrode 1085 each can have a
stacked-layer structure of a conductive material. Note that
titanium is used here as a conductive material in contact with
the stacked-layer oxide film 104. Thus, in the case of a single-
layer structure, the source electrode 108a and the drain elec-
trode 1085 are formed using a single-layer film of titanium,
whereas in the case of a stacked-layer structure of a plurality
of conductive materials, the lowest layer in contact with the
stacked-layer oxide film 104 is formed using a layer contain-
ing titanium.

Here, in the case of using titanium as the conductive mate-
rial, without being limited to titanium with extremely high
purity, titanium may contain another element as an impurity,
or alternatively titanium may contain another element as a
main component (e.g., 1 wt % or more) as long as character-
istics of titanium, which will be described later, can be
achieved. Thus, titanium used as the conductive material may
be an alloy with another metal or a compound of a nitride or
the like.

In the case where the source electrode 108a and the drain
electrode 1085 have a stacked-layer structure of two or more
layers as well as the single-layer structure of titanium, for
layer(s) above the first layer, a single metal such as aluminum,
titanium, chromium, nickel, copper, yttrium, zirconium,
molybdenum, silver, tantalum, or tungsten, or an alloy oran a
nitride containing any of these metals as its main component
in a single-layer structure or a stacked-layer structure can be
stacked. Specifically, the following stacked-layer structures
can beemployed: a two-layer structure in which an aluminum
film is stacked over a titanium film; a three-layer structure in
which a titanium film, an aluminum film, and a titanium film
are stacked in this order; a three-layer structure in which a
titanium film, an alloy film of aluminum and neodymium, and
atitanium film are stacked in this order; a four-layer structure
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in which a titanium film, a titanium nitride film, an aluminum
film, and a titanium film are stacked in this order; and the like.

In the case where the source electrode 1084 and the drain
electrode 1085 have the above four-layer structure in which a
titanium film, a titanium nitride film, an aluminum film, and a
titanium film are stacked in this order, the thickness of the first
titanium film can be reduced by inserting the titanium nitride
film; therefore, expansion of an n* region which will be
described later can be suppressed. Accordingly, the four-layer
structure is preferable in that an effective channel length of
the transistor can be controlled.

Alternatively, as the source electrode 108a and the drain
electrode 1085, a stack of titanium and an oxide film such as
an In—Z7n—W oxide film, an In—Sn oxide film, an In—Zn
oxide film, an In oxide film, a Zn oxide film, or a Sn oxide film
can be used. A slight amount of Al, Ga, Sb, F, or the like may
be added to the above oxide film. Further, a metal thin film
having a thickness enough to transmit light (preferably,
approximately 5 nm to 30 nm) can also be used. For example,
an Ag film, a Mg film, or an Ag—Mg alloy film with a
thickness of 5 nm may be used. Further, graphene may be
used.

Here, for example, a 50-nm-thick titanium film, a 400-nm-
thick aluminum film, and a 100-nm-thick titanium film are
stacked in this order by a sputtering method (in FIG. 5D, the
conductive film 107 is illustrated as a single layer). Then, the
photoresist mask is formed over the conductive film 107 by a
photolithography process; and the titanium film, the alumi-
num film, and the titanium film are dry-etched using the
photoresist mask to form the source electrode 108a and the
drain electrode 1085 (see FIG. 5E).

Here, in the case where a tungsten film is used as the
conductive film 107 (in the case where the conductive film
107 has a stacked-layer structure and a tungsten film is used
for the lowest layer), an oxygen vacancy is formed due to the
damage to the stacked-layer oxide film 104 at the film forma-
tion. Therefore, the sheet resistance of the stacked-layer oxide
film 104 might be reduced and thus the stacked-layer oxide
film 104 might be changed to an n-type as will be apparent
from measurement of sheet resistance which will be
described in Example 1. Thus, not only the stacked-layer
oxide film 104 directly under the source electrode 1084 and
the drain electrode 1085 but also the stacked-layer oxide film
104 on the back channel side is changed to an n-type, which
causes degraded characteristics of the transistor, such as nor-
mally-on characteristics.

On the other hand, in the case where a titanium film is used
as the conductive film 107 (in the case where the conductive
film 107 has a stacked-layer structure and a titanium film is
used for the lowest layer), the sheet resistance of the stacked-
layer oxide film 104 under the titanium film is not decreased
in some cases as will be described later despite film formation
by a sputtering method in a similar manner.

That is, in the case where a titanium film is used as the
conductive film 107, it is probable that an oxygen vacancy is
hardly formed in the stacked-layer oxide film 104 under the
conductive film 107. Thus, an i-type at the formation of the
stacked-layer oxide film 104 can be maintained particularly
on the back channel side; accordingly, favorable characteris-
tics of the transistor can be obtained.

Note that after the stacked-layer oxide film 104 is pro-
cessed into a predetermined shape, heat treatment is not per-
formed before etching to process the conductive film 107 into
the source electrode 1084 and the drain electrode 1085. This
is because, for example, when heat treatment is performed at
approximately 350° C., oxygen is extracted from the stacked-
layer oxide film 104 to the conductive film 107 and the
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stacked-layer oxide film 104 is further changed to an n-type;
therefore, the stacked-layer oxide film 104 on the back chan-
nel side is also changed to an n-type before the conductive
film 107 is removed.

As the etching for processing the conductive film 107 into
the source electrode 108a and the drain electrode 1085, a wet
etching method or a dry etching method can be employed.

Inthe case where the conductive film 107 is etched by a wet
etching method, the titanium film can be etched with hydrof-
luoric acid, a mixed solution of hydrofluoric acid and nitric
acid, ammonium fluoride, a mixed solution of ammonium
fluoride and nitric acid, buffered hydrofluoric acid (BHF), or
the like. In the case of using aluminum or aluminum contain-
ing niobium as another metal material besides titanium, a
mixed solution of phosphoric acid, nitric acid, and acetic acid
can be used, for example. In the case of using molybdenum or
an alloy of molybdenum and tungsten, a mixed solution of
phosphoric acid, nitric acid, and acetic acid can be used, for
example. In the case of using tantalum, hydrofluoric acid, a
mixed solution of hydrofluoric acid and nitric acid, ammo-
nium fluoride, a mixed solution of ammonium fluoride and
nitric acid, buffered hydrofluoric acid (BHF), or the like can
be used. In the case of using copper or an alloy of copper and
another element, a mixed solution of cupric chloride (or ferric
chloride) and hydrochloric acid (or nitric acid) or a mixed
solution of phosphoric acid, nitric acid, and acetic acid can be
used, for example. In the case of using chromium, a mixed
solution of ceric ammonium nitrate and perchloric acid (or
nitric acid) can be used, for example. Note that an etchant
used in wet etching of the conductive film 107 is not limited
to the above solutions. Further, in the case where the conduc-
tive film 107 has a stacked-layer structure, an appropriate
etchant may be selected for each layer to perform etching or
the same etchant may be selected for two or more layers to
perform etching at once.

On the other hand, in the case where the conductive film
107 is etched by a dry etching method, a parallel plate reactive
ion etching (RIE) method or an inductively coupled plasma
(ICP) etching method can be employed, for example. In order
to etch the films into desired shape, the etching condition (the
amount of electric power applied to a coil-shaped electrode,
the amount of electric power applied to an electrode on a
substrate side, the temperature of the electrode on the sub-
strate side, or the like) is adjusted as appropriate. As the
etching gas, a gas containing chlorine such as a gas containing
chlorine (Cl,), boron trichloride (BCl,), silicon tetrachloride
(SiCl,), or carbon tetrachloride (CCl,) can be used. Alterna-
tively, a gas containing fluorine such as a gas containing
carbon tetrafluoride (CF,), sulfur hexafluoride (SFy), nitro-
gen trifluoride (NF;), trifluoromethane (CHF;), or octafluo-
rocyclobutane (C,Fg) can be used as a gas containing halo-
gen. Further alternatively, any of these gases to which a rare
gas such as helium (He) or argon (Ar) is added, or the like can
be used. Any of these gases may be selected as appropriate in
accordance with the material of the conductive film 107.

Although the structure of the source electrode 108a and the
drain electrode 1085 will be described later in detail, part of
the upper surface of the stacked-layer oxide film 104 of the
transistor which is exposed on the back channel side may be
removed. Removal of the part of the upper surface of the
stacked-layer oxide film 104 can be performed at the same
time as or at a different timing from the etching of the con-
ductive film 107. In the case of performing the removal and
etching the conductive film 107 at the same time, the part of
the upper surface of the stacked-layer oxide film 104 can be
removed using the etchant and the etching gas which are used
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to etch the conductive film 107, whereby the number of manu-
facturing steps can be reduced.

The depth of the removed region of the stacked-layer oxide
film 104 which is formed in this manner can be adjusted as
appropriate by etching conditions and the materials of the
oxide semiconductor layer 105 and the oxide layer 106
included in the stacked-layer oxide film 104. Alternatively,
for example, with another structure in which an oxide layer
with a low etching rate which functions as an etching stopper
is additionally provided between the oxide semiconductor
layer 105 and the oxide layer 106, the oxide layer 106 on the
back channel side can be removed completely. This structure
will be described in detail.

By such removal of the part of the upper surface of the
stacked-layer oxide film 104, it is possible to suppress an
electrical short circuit between the source electrode and the
drain electrode which is due to an residue caused by the
etching to form the source electrode and the drain electrode,
as well as to suppress an electrical short circuit between n*
regions which will be described later.

Note that the surface of the stacked-layer oxide film 104 on
the back channel side which is exposed by formation of the
source electrode 108a and the drain electrode 1085 is prefer-
ably cleaned by an alkaline solution such as a tetramethylam-
monium hydroxide (TMAH) solution; an acidic solution such
as a diluted hydrofluoric acid, an oxalic acid solution, or a
phosphoric acid solution; or the like. With such a structure,
leakage current generated between the source electrode 108«
and the drain electrode 1085 can be suppressed.

Prior to formation of the interlayer insulating film 109
which will be described as follows, it is preferable to perform
vacuum heat treatment at about 220° C. or plasma treatment
using N,O as in-situ treatment and remove an impurity on the
exposed surface of the stacked-layer oxide film 104 on the
back channel side.

[3.4. Formation and Heat Treatment of Oxide Insulating
Film]

After that, the oxide insulating film 109« is formed over the
stacked-layer oxide film 104, and the source electrode 108a
and the drain electrode 1084. Then, the oxide insulating film
1095 is formed over the oxide insulating film 1094 (see FIG.
6A).

Note that it is preferable that after the formation of the
oxide insulating film 1094, the oxide insulating film 1095 be
formed successively without exposure to the air. After the
formation of the oxide insulating film 1094, the oxide insu-
lating film 1095 is formed successively by adjusting at least
one of the flow rate of the source gas, the pressure, the high-
frequency power, and the substrate temperature without
exposure to the atmosphere, whereby the concentration of
impurities attributed to the atmosphere at the interface
between the oxide insulating film 1094 and the oxide insulat-
ing film 1095 can be reduced and further oxygen contained in
the oxide insulating film 1096 can be moved to the stacked-
layer oxide film 104; accordingly, the number of oxygen
vacancies in the stacked-layer oxide film 104 can be reduced.

As for the oxide insulating film 109a, a silicon oxide film or
a silicon oxynitride film can be formed under the following
conditions: the substrate placed in a treatment chamber of a
plasma CVD apparatus which is vacuum-evacuated is held at
a temperature higher than or equal to 180° C. and lower than
or equal to 400° C., preferably higher than or equal to 200° C.
and lower than or equal to 370° C., the pressure is greater than
or equal to 20 Pa and less than or equal to 250 Pa, preferably
greater than or equal to 100 Pa and less than or equal to 250 Pa
with introduction of source gases into the treatment chamber,

20

25

30

40

45

28

and a high-frequency power is supplied to an electrode pro-
vided in the treatment chamber.

A deposition gas containing silicon and an oxidizing gas
are preferably used as the source gas of the oxide insulating
film 1094. Typical examples of the deposition gas containing
silicon include silane, disilane, trisilane, and silane fluoride.
As the oxidizing gas, oxygen, ozone, dinitrogen monoxide,
and nitrogen dioxide can be given as examples.

Under such conditions, an oxide insulating film through
which oxygen is permeated can be formed as the oxide insu-
lating film 109a. The pressure in the treatment chamber is set
to be higher than or equal to 100 Pa and lower than or equal to
250 Pa, whereby the water content of the oxide insulating film
109a is reduced; thus, variations in electrical characteristics
of the transistor 100 can be reduced and a change in the
threshold voltage can be suppressed. Moreover, by setting the
pressure in the treatment chamber to be greater than or equal
to 100 Pa and less than or equal to 250 Pa, damage to the
stacked-layer oxide film 104 can be reduced when the oxide
insulating film 109q is formed, so that the number of oxygen
vacancies contained in the stacked-layer oxide film 104 can
be reduced. Further, when the formation temperature of the
oxide insulating film 109a or the oxide insulating film 1095
which will be formed later is increased to, for example, a
temperature higher than 220° C., part of oxygen contained in
the stacked-layer oxide film 104 is released and forms an
oxygen vacancy. When the formation conditions for reducing
the number of defects in the oxide insulating film 1095 which
will be formed later are employed to increase the reliability of
the transistor, the amount of oxygen which is released from
the oxide insulating film 1096 is reduced. Accordingly, it
becomes difficult to compensate oxygen for oxygen vacan-
cies in the stacked-layer oxide film 104. However, by setting
the pressure in the treatment chamber to be greater than or
equalto 100 Pa and less than or equal to 250 Pa, damage to the
stacked-layer oxide film 104 at the formation of the oxide
insulating film 1094 can be reduced, so that oxygen vacancies
in the stacked-layer oxide film 104 can be reduced even with
a small amount of oxygen released from the oxide insulating
film 1095.

Note that when the ratio of the amount of the oxidizing gas
to the amount of the deposition gas containing silicon is 100
or higher, the hydrogen content of the oxide insulating film
109a can be reduced. Consequently, the amount of hydrogen
entering the stacked-layer oxide film 104 can be reduced;
thus, shift of the threshold voltage of the transistor can be
suppressed.

Further, as for the oxide insulating film 109q, a silicon
oxide film or a silicon oxynitride film can be formed under the
following conditions: the substrate placed in a treatment
chamber of a plasma CVD apparatus which is vacuum-evacu-
ated is held at a temperature higher than or equal to 300° C.
and lower than or equal to 400° C., preferably higher than or
equal to 320° C. and lower than or equal to 370° C., the
pressure is greater than or equal to 100 Pa and less than or
equal to 250 Pa with introduction of source gases into the
treatment chamber, and a high-frequency power is supplied to
an electrode provided in the treatment chamber.

Under such film formation conditions, the bonding
strength of silicon and oxygen becomes strong in the above
substrate temperature range. Thus, as the oxide insulating
film 1094, a dense and hard oxide insulating film through
which oxygen is permeated, for example, a silicon oxide film
or a silicon oxynitride film having an etching rate lower than
or equal to 10 nm/min, preferably lower than or equal to 8
nm/min when etching is performed at 25° C. with 0.5 wt % of
hydrofluoric acid can be formed.
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As for the oxide insulating film 1095, a silicon oxide film or
a silicon oxynitride film can be formed under the following
conditions: the substrate placed in a treatment chamber of a
plasma CVD apparatus which is vacuum-evacuated is held at
a temperature higher than or equal to 180° C. and lower than
or equal to 260° C., preferably higher than or equal to 200° C.
and lower than or equal to 240° C., the pressure is greater than
or equal to 100 Pa and less than or equal to 250 Pa, preferably
greater than or equal to 100 Pa and less than or equal to 200 Pa
with introduction of source gases into the treatment chamber,
and a high-frequency power higher than or equal to 0.17
W/em? and lower than or equal to 0.5 W/cm?, preferably
higher than or equal to 0.25 W/cm? and lower than or equal to
0.35 W/cm? is supplied to an electrode provided in the treat-
ment chamber.

A deposition gas containing silicon and an oxidizing gas
are preferably used as the source gas of the oxide insulating
film 10954. Typical examples of the deposition gas containing
silicon include silane, disilane, trisilane, and silane fluoride.
As the oxidizing gas, oxygen, ozone, dinitrogen monoxide,
and nitrogen dioxide can be given as examples.

As the film formation conditions of the oxide insulating
film 1095, the high-frequency power having the above power
density is supplied to the treatment chamber having the above
pressure, whereby the degradation efficiency of the source
gas in plasma is increased, oxygen radicals are increased, and
oxidation of the source gas is promoted; therefore, the oxygen
content of the oxide insulating film 1095 gets higher than that
of the stoichiometric composition. However, the bonding
strength of silicon and oxygen is weak in the above substrate
temperature range; therefore, part of oxygen is released by
heating. Thus, the oxide insulating film 1095 can be formed to
be an oxide insulating film that contains oxygen at a propor-
tion higher than that of oxygen in the stoichiometric compo-
sition and from which part of oxygen is released by heating.
Further, at the formation of the oxide insulating film 1094, the
oxide insulating film 109a over the stacked-layer oxide film
104 functions as a protective film of the oxide insulating film
1094, and the oxide layer 106 over the oxide semiconductor
layer 105 functions as a protective film of the oxide semicon-
ductor layer 105. Consequently, the oxide insulating film
1094 can be formed using the high-frequency power having a
high power density while damage to the oxide semiconductor
layer 105 in which a channel is mainly formed is reduced.

Note that in the film formation conditions of the oxide
insulating film 1095, the flow rate of the deposition gas con-
taining silicon relative to the oxidizing gas can be increased,
whereby the number of defects in the oxide insulating film
1094 can be reduced. Typically, it is possible to form an oxide
insulating film in which the number of defects is small, that is,
the spin density of a signal due to a dangling bond of silicon,
which appears when g is 2.001, be lower than 6x10'7 spins/
cm?®, preferably lower than or equal to 3x10'7 spins/cm’,
further preferably lower than or equal to 1.5x10'7 spins/cm>
by ESR measurement. As a result, the reliability of the tran-
sistor can be improved.

Next, heat treatment is performed (see FIG. 6B). The tem-
perature of the heat treatment is higher than or equal to 150°
C. and lower than or equal to 450° C., preferably higher than
or equal to 200° C. and lower than or equal to 450° C., further
preferably higher than or equal to 300° C. and lower than or
equal to 450° C., for example.

An electric furnace, an RTA apparatus, or the like can be
used for the heat treatment. With the use of an RTA apparatus,
the heat treatment can be performed at a temperature higher
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than or equal to the strain point of the substrate if the heating
time is short. Therefore, the heat treatment time can be short-
ened.

The heat treatment may be performed under an atmosphere
of'nitrogen, oxygen, ultra-dry air (air in which a water content
is less than or equal to 20 ppm, preferably less than or equal
to 1 ppm, further preferably less than or equal to 10 ppb), or
arare gas (e.g., argon or helium). The atmosphere of nitrogen,
oxygen, ultra-dry air, or a rare gas preferably does not contain
hydrogen, water, and the like.

By the heat treatment, part of oxygen contained in the
oxide insulating film 10954 can be moved to the stacked-layer
oxide film 104 to compensate oxygen for the oxygen vacan-
cies in the stacked-layer oxide film 104. Consequently, the
number of oxygen vacancies in the stacked-layer oxide film
104 can be reduced.

Through such heat treatment, the oxygen vacancies are
compensated by supply of oxygen to the stacked-layer oxide
film 104, and further the n* regions 110 are formed in the
stacked-layer oxide film 104 in portions where the stacked-
layer oxide film 104 is in contact with the source electrode
108a and the drain electrode 1085 (see FIGS. 6B and 6C).

Through the above steps, the transistor 100 can be manu-
factured. The transistor manufactured in this manner has
stable electric characteristics because the oxygen vacancies
in the stacked-layer oxide film 104 are reduced and the num-
ber of density of states (DOS) is small.

Note that although the case where the conductive material
of the portions of the source electrode 1084 and the drain
electrode 1085 which are in contact with the stacked-layer
oxide film 104 is titanium is described here, the conductive
material is not limited to titanium and another conductive
material such as a metal material or an alloy material may be
used. For example, tungsten can be used instead of titanium.
Damage to the stacked-layer oxide film 104 at the formation
ofthe conductive film is large and an n* region is likely to be
formed in the case of using tungsten, as compared to titanium;
however, oxygen vacancies can be reduced even in such case
by performing oxygen ion implantation or the supply of oxy-
gen from the interlayer insulating film in a later step.

Although the variety of films such as the metal film, the
semiconductor film, and the inorganic insulating film which
are described above can be formed by a sputtering method or
a plasma chemical vapor deposition (CVD) method, such
films may be formed by another method, for example, a
thermal CVD method. A metal organic chemical vapor depo-
sition (MOCVD) method or an atomic layer deposition
(ALD) method may be employed as an example of a thermal
CVD method.

A thermal CVD method has an advantage that no defect
due to plasma damage is generated because it does not utilize
plasma to form a film.

Deposition by athermal CVD method may be performed in
such a manner that a source gas and an oxidizer are supplied
to the chamber at a time, the pressure in a chamber is set to an
atmospheric pressure or a reduced pressure, and reaction is
caused in the vicinity of the substrate or over the substrate.

Deposition by an ALD method may be performed in such
a manner that the pressure in a chamber is set to an atmo-
spheric pressure or a reduced pressure, source gases for reac-
tion are sequentially introduced into the chamber, and then
the sequence of the gas introduction is repeated. For example,
two or more kinds of source gases are sequentially supplied to
the chamber by switching respective switching valves (also
referred to as high-speed valves). For example, a first source
gas is introduced, an inert gas (e.g., argon or nitrogen) or the
like is introduced at the same time as or after the introduction
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of'the first gas so that the source gases are not mixed, and then
a second source gas is introduced. Note that in the case where
the first source gas and the inert gas are introduced at a time,
the inert gas serves as a carrier gas, and the inert gas may also
be introduced at the same time as the introduction of the
second source gas. Alternatively, the first source gas may be
exhausted by vacuum evacuation instead of the introduction
of the inert gas, and then the second source gas may be
introduced. The first source gas is adsorbed on the surface of
the substrate to form a first layer; then the second source gas
is introduced to react with the first layer; as a result, a second
layer is stacked over the first layer, so that a thin film is
formed. The sequence of the gas introduction is repeated
plural times until a desired thickness is obtained, whereby a
thin film with excellent step coverage can be formed. The
thickness of the thin film can be adjusted by the number of
repetitions times of the sequence of the gas introduction;
therefore, an ALLD method makes it possible to accurately
adjust a thickness and thus is suitable for manufacturing a
minute FET.

The variety of films such as the metal film, the semicon-
ductor film, and the inorganic insulating film which have been
disclosed in the embodiment can be formed by a thermal
CVD method such as a MOCVD method or an ALD method.
For example, in the case where an In—Ga—Z7n—O0 film is
formed, trimethylindium, trimethylgallium, and dimethylz-
inc are used. Note that the chemical formula of trimethylin-
dium is In(CHj;);. The chemical formula of trimethylgallium
is Ga(CH;);. The chemical formula of dimethylzinc is
Zn(CH;),. The material of the In—Ga—Z7n—O film is not
limited to the above combination, and triethylgallium (chemi-
cal formula: Ga(C,H;),) can be used instead of trimethylgal-
lium and diethylzinc (chemical formula: Zn(C,Hs),) can be
used instead of dimethylzinc.

For example, in the case where a hatnium oxide film is
formed using a deposition apparatus employing ALD, two
kinds of gases, that is, ozone (O;) as an oxidizer and a source
gas which is obtained by vaporizing a solvent and liquid
containing a hafnium precursor compound (a hafnium alkox-
ide solution, typically tetrakis(dimethylamide)hathium (TD-
MAH)) are used. Note that the chemical formula of tetrakis
(dimethylamide)hafnium is Hf{N(CH;),],. Examples of
another material liquid include tetrakis(ethylmethylamide)
hafnium.

For example, in the case where an aluminum oxide film is
formed using a deposition apparatus employing ALD, two
kinds of gases, that is, H,O as an oxidizer and a source gas
which is obtained by vaporizing a solvent and liquid contain-
ing an aluminum precursor compound (e.g., trimethylalumi-
num (TMA)) are used. Note that the chemical formula of
trimethyaluminum is Al(CH;);. Examples of another mate-
rial liquid include tris(dimethylamide)aluminum, triisobuty-
laluminum, and aluminum tris(2,2,6,6-tetramethyl-3,5-hep-
tanedionate).

For example, in the case where a silicon oxide film is
formed using a deposition apparatus employing ALD,
hexachlorodisilane is adsorbed on a surface where a film is to
be formed, chlorine contained in the adsorbate is removed,
and radicals of an oxidizing gas (e.g., O, or dinitrogen mon-
oxide) are supplied to react with the adsorbate.

For example, in the case where a tungsten film is formed
using a deposition apparatus employing ALD, a WF gas and
a B,H, gas are sequentially introduced plural times to form an
initial tungsten film, and then a WF gas and an H, gas are
introduced at a time, so that a tungsten film is formed. Note
that an SiH,, gas may be used instead of a B,H, gas.
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For example, in the case where an oxide semiconductor
film, for example, an In—Ga—7n—O film is formed using a
deposition apparatus employing ALD, an In(CH,); gas and
an Oy gas are sequentially introduced plural times to form an
In—O layer, a Ga(CH,), gas and an O, gas are introduced at
atimeto form a Ga—O layer, and then a Zn(CH,), gas and an
O; gas are introduced at a time to form a Zn—O layer. Note
that the order of these layers is not limited to this example. A
mixed compound layer such as an In—Ga—O layer, an
In—7n—0 layer, or a Ga—Zn—0 layer may be formed by
mixing these gases. Note that although an H,O gas which is
obtained by bubbling with an inert gas such as Armay beused
instead of an Oj gas, it is preferable to use an O; gas which
does not contain H. Further, instead of an In(CH;), gas, an
In(C,H;); gas may be used. Instead of a Ga(CH;), gas, a
Ga(C,Hs); gas may be used. Further, instead of an In(CH,),
gas, an In(C,H,); gas may be used. Furthermore, a Zn(CHy),
gas may be used.

[4. Transistor to be Manufactured]

Here, the structure of the transistor manufactured in a man-
ner as described above is described in detail.

FIGS. 2A to 2C are structure examples of the transistor
manufactured in the manner as described above. FIGS. 2A,
2B, and 2C which illustrate a transistor 100a, a transistor
1004, and a transistor 100¢, respectively, are each a cross-
sectional view taken along dashed-dotted line A1-A2 in the
top view of the transistor 100 in FIG. 1A.

Note that although the stacked-layer oxide film 104 in each
of the transistor 100a, the transistor 1005, and the transistor
100¢ illustrated in FIGS. 2A to 2C has a single-layer struc-
ture, a two-layer structure of the oxide semiconductor layer
105 and the oxide layer 106 as described above or a stacked-
layer structure of three or more layers may be employed. Note
that the stacked-layer oxide film 104 may be a single layer
structure of the oxide semiconductor layer 105.

[4.1 Transistor Including n* Region]

The transistor 100q illustrated in FIG. 2 A includes the gate
electrode 102 provided over the substrate 101. The transistor
100qa includes the gate insulating film 103 formed over the
substrate 101 and the gate electrode 102, the stacked-layer
oxide film 104 overlapping with the gate electrode 102 with
the gate insulating film 103 provided therebetween, and the
source electrode 108a and the drain electrode 1085 in contact
with the stacked-layer oxide film 104. The interlayer insulat-
ing film 109 is formed over the gate insulating film 103, the
stacked-layer oxide film 104, and the source electrode 108a
and the drain electrode 1085. The interlayer insulating film
109 has a stacked-layer structure of the oxide insulating film
109a and the oxide insulating film 1095. The interlayer insu-
lating film 111 is provided over the interlayer insulating film
109.

Here, in the transistor 100a, portions of the stacked-layer
oxide film 104 which are in contact with the source electrode
108a and the drain electrode 1085 each include the n* region
110. With the n* regions 110, contact resistance between the
stacked-layer oxide film 104 and each of the source electrode
1084 and the drain electrode 1085 can be reduced as
described above.

The n* regions 110 of the transistor 100a are formed
directly under the source electrode 108a and the drain elec-
trode 1085 and the n* regions 110 are regions of the stacked-
layer oxide film 104 which have shallow depths from the
interface with the source electrode 108a and the drain elec-
trode 1085. Therefore, extension of the n* region 110 hardly
occurs; thus, the channel length (L) is substantially equal to a
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distance between the source electrode 108a and the drain
electrode 1086 which corresponds to a designed channel
length.

Accordingly, the distance between the source electrode
1084 and the drain electrode 1085 of the transistor 100a can
be regarded as a channel length; therefore, a transistor having
desired characteristics can be designed easily.

FIGS. 9A to 9C are schematic diagrams each illustrating
the depth of the n* region 110 in the film thickness direction
(depth direction) of the stacked-layer oxide film 104.

As illustrated in FIG. 9A, the n* region 110 may be pro-
vided only in the oxide layer 106 to have a shallow depth. In
that case, the n* regions 110 may be prevented from being in
contact with each other even with the use of a material or
manufacturing conditions that extend the n* regions 110,
which will be described later. For example, in the case where
titanium is used for the portions of the source electrode 1084
and the drain electrode 1085 which are at least in contact with
the stacked-layer oxide film 104, the n* regions 110 can be
formed in such a manner that the oxide layer 106 is formed by
a sputtering method at a high substrate temperature with a
target containing In, Ga, and Zn in an atomic ratio of 1:3:2.

Whereas, as illustrated in FIGS. 9B and 9C, the n* region
110 may be provided inside the oxide semiconductor layer
105, or alternatively the n* region 110 may be completely
formed in the stacked-layer oxide film 104 so that its thick-
ness corresponds to that of the stacked-layer oxide film 104 so
as to be in contact with the upper surface of the gate insulating
film 103. Accordingly, the contact resistance between the
stacked-layer oxide film 104 and each of the source electrode
108a and the drain electrode 1085 can be sufficiently reduced.
[4.2. Transistor Including n* Region in Region not Overlap-
ping with Source Electrode and Drain Electrode]

The n* regions 110 of the transistor 1005 illustrated in FI1G.
2B which are formed directly under the source electrode 108«
and the drain electrode 1085 are wider and are diffused deeply
than the n* regions 110 of the transistor 100a. Therefore, the
n* regions 110 are extended even in a region between the
source electrode 1084 and the drain electrode 1085. An effec-
tive channel length (L) of the transistor 1005 is shorter than
the distance between the source electrode 1084 and the drain
electrode 1086 which corresponds to a designed channel
length, and the effective channel length (L) is a distance
between the n* regions 110 which are extended more
inwardly than the source electrode 108a and the drain elec-
trode 1085.

In this manner, the effective channel length (I, can be
reduced by extending the n* regions 110 more inwardly than
the source electrode 1084 and the drain electrode 1085.
Accordingly, a transistor with a channel length shorter than
that of the designed channel length between the source elec-
trode 108a and the drain electrode 1085 can be manufactured.

Note that the other components of the transistor 1005 are
the same as those of the transistor 100a.

FIG. 10A is a schematic diagram illustrating the thickness
and the like of the components of the transistor 1005. The
effective channel length (L ;) of the transistor 1004 is shorter
than the distance between the source electrode 108a and the
drain electrode 1085 which corresponds to a designed chan-
nel length. This is because the end portions of the n* regions
110 are extended longer and projected more than the end
portions of the source electrode 1084 and the drain electrode
1085. When a difference between the end portion of the
source electrode 108a or the drain electrode 1085 and the end
portion of the n* region 110 is set to L, the relation of
L ~L-2L,, is satisfied. Note that although the lengths of the
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projected portions ofthe n* regions 110 are symmetrical here,
the lengths of L,, may be different.

A transistor in which a difference (L)) between an end
portion of the source electrode 1084 and an end portion of the
n* region 110 is different from a difference (L) between an
end portion of the drain electrode 1085 and an end portion of
the n* region 110 is illustrated in FIG. 10B. When the length
of the projected portion of the n* region 110 on the source
electrode 108a side is set to [, 1 and the length of the pro-
jected portion of the n* region 110 on the drain electrode 1085
side is set to L,2, L, 1 is shorter than [L,2 in FIG. 10B. As a
manner for making the lengths of L, different from each
other, for example, different materials may be used for the
source electrode 108a and the drain electrode 1085 or oxygen
may be additionally implanted in a portion close to the end
portion of one of the source electrode 108a and the drain
electrode 1085.

In the above manner, in the transistor 1005 in which the n*
regions 110 are extended longer than the end portions of the
source electrode 1084 and the drain electrode 1085, the effec-
tive channel length (L, ) is preferably less than or equal to 5
um, further preferably less than or equal to 2 um. Further, a
depth d2 of'the n* region 110 is preferably less than half of the
channel length (L), that is, L #/2. Accordingly, contact
between the n* regions 110 can be suppressed.

FIGS. 11 A to 11C are schematic diagrams each illustrating
the depth of the n* region 110 in the film thickness direction
(depth direction) of the stacked-layer oxide film 104.

As illustrated in FIG. 11A, the n* region 110 may be
provided only in the oxide layer 106 to have a shallow depth.
In that case, the n* regions 110 may be prevented from being
in contact with each other even with the use of a material or
manufacturing conditions that extend the n* regions 110.

Whereas, as illustrated in FIGS. 11B and 11C, the n* region
110 may be provided inside the oxide semiconductor layer
105, or alternatively the n* region 110 may be completely
formed in the stacked-layer oxide film 104 so that its thick-
ness corresponds to that of the stacked-layer oxide film 104 so
asto be in contact with the upper surface of the gate insulating
film 103. When the n* region 110 is formed deeply in the
stacked-layer oxide film 104, the n* region 110 can be pro-
jected sufficiently; thus, a transistor having a short effective
channel length (L_,) can be manufactured. Accordingly, the
contact resistance between the stacked-layer oxide film 104
and each of the source electrode 1084 and the drain electrode
1085 can be sufficiently reduced.

FIG. 12A is the top view of the transistor 1005. Since the n*
regions 110 are extended by L,, in a region between the
source electrode 1084 and the drain electrode 1085, the effec-
tive channel length (L, ) is shorter than the distance between
the source electrode 108a and the drain electrode 1085. As
illustrated in FIG. 12A, when the expansion of the n* regions
110 are isotropic, the values of L, , are almost the same in any
place in the case where the end portions of the source elec-
trode 1084 and the drain electrode 1085 each have a linear
shape on the back channel side.

Whereas, as illustrated in FIG. 12B, in a transistor includ-
ing the source electrode 108a and the drain electrode 1085
whose end portions are partly curved when seen from the
above, the exposed portion on the back channel side has a U
shape or a shape that can be called a horseshoe shape. When
the n* regions 110 are extended isotropically, the n* regions
110 are extended more in a portion where the source electrode
108a or the drain electrode 1085 is curved inwardly.



US 9,246,011 B2

35

[4.3. Transistor Including Stacked-Layer Oxide Film with
Depression Portion in Region not Overlapping with Source
Electrode and Drain Electrode]

The transistor 100c¢ illustrated in FIG. 2C has a structure
with a depression portion in which part of the stacked-layer
oxide film 104 is removed in a region between the source
electrode 1084 and the drain electrode 1085.

The transistor 100¢ includes the n* regions 110 in portions
of the stacked-layer oxide film 104 which are in contact with
the source electrode 1084 and the drain electrode 1085 in a
manner similar to those of the transistor 100a and the tran-
sistor 1005. Here, the depression portion of the stacked-layer
oxide film 104 is formed deeply than the depth of the n*
region 110. Therefore, the n* region 110 under the source
electrode 108a and the n* region 110 under the drain elec-
trode 1085 are separated by the depression portion of the
stacked-layer oxide film 104. In other words, the n* regions
110 are in contact with the side surface of the depression
portion of the stacked-layer oxide film 104 and are shallower
than the depression portion of the stacked-layer oxide film
104.

With such a structure, the n* region 110 under the source
electrode 108a and the n* region 110 under the drain elec-
trode 1085 can be prevented from being in contact with each
other.

Note that the other components of the transistor 100c¢ are
the same as those of the transistor 100a.

Here, contact between the n* region 110 under the source
electrode 108a and the n* region 110 under the drain elec-
trode 1085 is described with reference to FIGS. 13A to 13D.

The n* regions 110 in the stacked-layer oxide film 104 are
formed or extended by damage due to sputtering performed to
form the source electrode 1084 and the drain electrode 1085,
heat treatment after the formation of the interlayer insulating
film, or the like (see F1G. 13A). The shape of then* region 110
depends on the material, design, manufacturing conditions,
and the like of a transistor and its peripheral structure. There-
fore, for example, in the case where the n* regions 110 are
extended too much or a channel length is designed short, the
n* region 110 under the source electrode 108a and the n*
region 110 under the drain electrode 1085 come close to each
other (see FIG. 13B). In that case, even when the n* region
110 under the source electrode 108a and the n* region 110
under the drain electrode 10856 are not in complete contact
with each other, the material of the source electrode 1084 and
the drain electrode 1085 is extended to have whiskers, so that
the n* regions 110 are extended (see FIG. 13B), and the n*
regions 110 are electrically connected to each other in some
cases. This phenomenon is probably likely to occur when the
material of the source electrode 108a and the drain electrode
1085 is titanium. Further, in the case where the n* region 110
under the source electrode 108a and the n* region 110 under
the drain electrode 1085 are in contact with each other as
illustrated in FIG. 13C, desired characteristics of a transistor
cannot be obtained due to an electrical short circuit between
the source and the drain.

Thus, the probability that the n* regions 110 are in contact
with each other can be eliminated in such a manner that a
depression portion is formed more deeply than the n* regions
110 by partly removing the stacked-layer oxide film 104 as
illustrated in FIG. 13D.

FIG. 14 is a schematic diagram illustrating the thickness
and the like of the components of the transistor 100c. In the
transistor 100¢, a channel length (L) is substantially equal to
the distance between the source electrode 1084 and the drain
electrode 1085. Here, when the thickness of the stacked-layer
oxide film 104, the thickness of the n* region 110, and the
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depth of the depression portion of the stacked-layer oxide film
104 are set to d1, d2, and d3, respectively, the relation of
d1>d3>d2 is preferably satisfied. Note that d2 and d3 may be
equal; alternatively, d2 may be larger than d3. This is because
there is a small possibility that the n* regions 110 are in
contact with each other in a deep portion of the stacked-layer
oxide film 104 even when d2 is larger than d3 because contact
between the n* regions 110 due to their extension is more
likely to occur when the n* regions 110 are closer to the
source electrode 1084 and the drain electrode 1085.

Here, the channel length (L) is preferably less than or equal
to 5 um, further preferably less than or equal to 2 um. Further,
the depth d2 of the n* region 110 is preferably less than half
of the channel length (L), that is, I./2. Accordingly, the pos-
sibility that the n* regions 110 are in contact with each other
can be eliminated.

Further, aregion of the stacked-layer oxide film 104 where
the depression portion is formed is preferably formed in the
CAAC-O0S layer described above. This is because in an oxide
semiconductor, CAAC-OS has high processability by etching
and thus can form a depression portion having a favorable
side surface.

Contact between the n* regions 110 can be avoided by
providing the depression portion in the stacked-layer oxide
film 104 in this manner; accordingly, a transistor having high
reliability can be formed.

Here, the relation between the stacked-layer oxide film 104
and the depth of the depression portion is described with
reference to FIGS. 15A to 15C. FIG. 15A illustrates the
structure in which the depth d3 of the depression portion of
the stacked-layer oxide film 104 is made shallow and the
depression portion is provided in the oxide layer 106 which is
the upper layer of the stacked-oxide film 104. In that case, the
upper surface of the oxide semiconductor layer 105 is pro-
tected by the oxide layer 106; therefore, the state of the
interface between the oxide semiconductor layer 105 and the
oxide layer 106 can be kept well. Thus, the band energy
structure shown in FIG. 3A can be obtained.

FIG. 15B illustrates the structure in the case where the
depth d3 of the depression portion of the stacked-layer oxide
film 104 is substantially as large as the thickness of the oxide
layer 106. That is, the portion of the oxide layer 106 which
does not overlap with the source electrode 108a and the drain
electrode 1085 is removed.

Here, the energy band structure taken along dashed-dotted
line C3-C4 in the vicinity of the stacked-layer oxide film 104
in the transistor illustrated in FIG. 15B is described with
reference to FIG. 4. In FIG. 4, Ec indicates conduction band
minimum energies of the gate insulating film 103, the oxide
semiconductor layer 105, and the oxide insulating film 1094.

In the transistor illustrated in FIG. 15B, the upper layer of
the stacked-layer oxide film 104, that is, the oxide layer 106 is
etched in some cases at the formation of the source electrode
108a and the drain electrode 1085. Particularly when the
oxide layer 106 is etched by a wet etching method, In is
preferentially removed in some cases. Therefore, a GaO,
layer or a mixed layer of the oxide semiconductor layer 105
and the oxide layer 106 (hereinafter referred to as a GaO,
layer or a mixed layer 113) is formed in some cases on the
upper surface of the oxide semiconductor layer 105 at the
etching of the oxide layer 106.

For example, in the case where the oxide semiconductor
layer 105 is an In—Ga—Z7n oxide in which an atomic ratio of
Into Gaand Znis 1:1:1 or an In—Ga—Zn oxide in which an
atomic ratio of In to Gaand Zn is 3:1:2 and the oxide layer 106
is an In—Ga—Zn oxide in which an atomic ratio of In to Ga
and Zn is 1:3:2 or an In—Ga—Z7n oxide in which an atomic
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ratio of In to Ga and Zn is 1:6:4, the Ga content of the oxide
layer 106 is higher than that of the oxide semiconductor layer
105; therefore, the GaO, layer or the mixed layer 113 might
be formed on the upper surface of the oxide semiconductor
layer 105.

Accordingly, it is considered that even in the case where the
oxide layer 106 is etched, the band structure shown in FIG. 4
where the conduction band minimum energy of the oxide
semiconductor layer 105 on the oxide insulating film side gets
higher is obtained.

FIG. 15C illustrates the structure in the case where the
depth d3 of the depression portion of the stacked-layer oxide
film 104 is deep and the depression portion reaches the inside
of'the oxide semiconductor layer 105. As described above, the
possibility that the n* regions 110 are in contact with each
other can be eliminated more surely in such a manner that the
depression portion is formed more deeply than the depression
portion having the depth d3 in FIGS. 15A and 15B.

Here, as a modification example, the structure of a transis-
tor including the stacked-layer oxide film 104 that includes an
oxide layer 114 having a high etching resistance is described
with reference to FIG. 16.

The oxide layer 114 having a high etching resistance is
provided between the oxide semiconductor layer 105 and the
oxide layer 106 in the stacked-layer oxide film 104, for
example. In particular, the etching resistance of the oxide
layer 114 is higher than that of the oxide layer 106. Therefore,
in the case where wet etching or dry etching is performed as
described above to form the depression portion in the stacked-
layer oxide film 104, the oxide layer 106 on the back channel
side is removed, whereas the oxide layer 114 functions as an
etching stopper and is hardly etched.

With the oxide layer 114 having a high etching resistance
which is provided in this manner, the oxide semiconductor
layer 105 is prevented from being etched and the oxide semi-
conductor layer 105 can be formed to have a uniform thick-
ness. Therefore, variations in electrical characteristics of a
plurality of transistors provided over the substrate can be
suppressed.

Further, it is preferable to use a material which is less likely
to change the oxide layer 114 to an n-type. Such a material can
prevent an electrical short circuit of the n* regions 110 on the
source side and the drain side.

Note that the transistor having a channel-etched and bot-
tom-gate structure is described above. A channel-etched tran-
sistor is preferable because its manufacturing process is simi-
lar to that of a conventional transistor including amorphous
silicon and its channel length can be made short. However,
one embodiment of the present invention is not limited to a
channel-etched transistor and a transistor having a channel-
protective and bottom-gate structure in which a channel pro-
tective film is formed over the stacked-layer oxide film 104
may be employed. In the case of employing a channel-pro-
tective transistor, a channel protective film is provided at a
channel formation region. Therefore, the stacked-layer oxide
film over the channel formation region is not etched and thus
the thickness of the stacked-layer oxide film can be designed
small. Further, oxygen vacancies in the stacked-layer oxide
film can be reduced by supply of oxygen from the channel
protective film to the stacked-layer oxide film in such a man-
ner that excess oxygen is contained in the channel protective
film.

The transistor is not limited to a transistor having a bottom-
gate structure, and alternatively a transistor having a top-gate
structure may be employed or further a transistor having a
dual-gate structure in which another gate electrode (back gate
electrode) is provided so as to face a gate electrode with the
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stacked-layer oxide film 104 provided therebetween may be
employed. In the case of a transistor having a dual-gate struc-
ture, the threshold voltage of the transistor can be controlled
with the back gate electrode.

[5. Semiconductor Device]

A semiconductor device including the transistor described
above is described. Note that a semiconductor device of one
embodiment of the present invention includes, in its category,
various semiconductor integrated circuits formed using semi-
conductor elements, such as microprocessors, image process-
ing circuits, controllers for display modules, digital signal
processors (DSPs), microcontrollers, and the like. In addi-
tion, the semiconductor device of one embodiment of the
present invention includes, in its category, various devices
such as display modules and RF tags formed using the above
semiconductor integrated circuits.

Display modules to which the transistor described above is
applied will be described below.

As a display element provided in a display module, a light-
emitting element (also referred to as a light-emitting display
element), a liquid crystal element (also referred to as a liquid
crystal display element), or the like can be used. The light-
emitting element includes, in its category, an element whose
luminance is controlled by current or voltage, and specifically
includes an inorganic electroluminescent (EL) element, an
organic EL element, and the like. The transistor described in
the above embodiment can also be applied to display modules
such as electronic paper whose contrast is changed by an
electric effect (e.g., electronic ink), a digital micromirror
device (DMD), a plasma display panel (PDP), and a field
emission display (FED). Here, a display module including an
EL element and a display module including a liquid crystal
element will be described as examples of display modules.

Note that the display module in this specification includes,
in its category, a panel in which a display element is sealed
with a substrate, a resin material, or the like and the panel
further provided with an IC including a built-in scan line
driver circuit or signal line driver circuit. In addition, the
display module includes, in its category, panels having any of
the following: a printed board provided with an arithmetic
unit such as a controller, an element such as a resistor (R), a
capacitor (C), or a coil (L), or the like; an optically function-
ing film such as a polarizing plate; a light source (including a
lighting device) such as a cold cathode fluorescent lamp
(CCFL) or alight-emitting diode (LED); an input device such
as a resistive touch sensor or a capacitive touch sensor; a
cooling device; a bezel (frame) which protects the panel; and
the like.

The above-mentioned IC may be mounted on a connector
such as a TAB tape, a TCP, or a COF, or may be directly
mounted on a panel by a COG method.

[5.1. Display Module Including EL. Element]

FIG. 17 is an example of a circuit diagram of a pixel in a
display module including an EL element (hereinafter referred
to as an EL display module).

The EL display module illustrated in FIG. 17 includes a
switch element 743, a transistor 741, a capacitor 742, and a
light-emitting element 719.

A gate of the transistor 741 is electrically connected to one
terminal of the switch element 743 and one terminal of the
capacitor 742. A source of the transistor 741 is electrically
connected to one terminal of the light-emitting element 719.
A drain of the transistor 741 is electrically connected to the
other terminal of the capacitor 742 and is supplied with a
power supply potential VDD. The other terminal of the switch
element 743 is electrically connected to a signal line 744. The
other terminal of the light-emitting element 719 is supplied
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with a constant potential. Note that the constant potential is a
ground potential (GND) or a potential lower than the ground
potential.

Note that as the transistor 741, the transistor of one
embodiment of the present invention described above is used.
The transistor has stable electrical characteristics. Therefore,
the display module can have high display quality.

It is preferable to use a transistor as the switch element 743.
The use of a transistor allows the display module to have
smaller pixel area and higher resolution. As the switch ele-
ment 743, the transistor of one embodiment of the present
invention may be used. The use of the above transistor as the
switch element 743 enables the switch element 743 to be
manufactured through the same process as the transistor 741
and enables display modules to be obtained with high pro-
ductivity.

FIG. 18A is a top view of the EL display module. The EL
display module includes a substrate 701, a substrate 700, a
sealant 734, a driver circuit 735, a driver circuit 736, a pixel
region 737, and a flexible printed circuit (FPC) 732. The
sealant 734 is provided between the substrate 701 and the
substrate 700 so as to surround the pixel region 737, the driver
circuit 735, and the driver circuit 736. Note that the driver
circuit 735 and/or the driver circuit 736 may be provided
outside the sealant 734.

Mixture of moisture such as water causes element break-
down or malfunction of the transistor of one embodiment of
the present invention and the EL element. Thus, sufficient
sealing with the sealant 734 is needed to maintain and/or
improve the reliability of a semiconductor device.

As the sealant 734, a resin material such as an epoxy resin,
an acrylic resin, or a urethane resin can be used, for example.
Such a resin material may be a heat-curable resin material, a
photo-curable resin material, or a heat- and photo-curable
resin material. Furthermore, as the sealant 734, a mixture of
different kinds of resins, such as a mixture of an acrylic-based
resin and an epoxy-based resin, may be used. Such a resin
mixed with a UV initiator, a heat-curing agent, a coupling
agent, or the like as appropriate is used.

As the sealant 734, instead of the above resin, frit glass
including low-melting-point glass (a glass material with glass
frit) can be used. In the case where frit glass is used as the
sealant 734, airtightness can be increased as compared with
the case where a resin is used.

In FIG. 18A, the sealant 734 is provided so as to surround
the pixel region 737; the pixel region 737 may be surrounded
doubly or multiply to improve reliability, and furthermore,
the sealant 734 may be provided at the side of the substrate
700 or 701.

FIG. 18B is a cross-sectional view of the EL display mod-
ule which is taken along dashed-dotted line M-N in FIG. 18A.
The FPC 732 is electrically connected to a wiring 733a
through a terminal 731. Note that the wiring 733« is formed
using the same layer as a gate electrode 702.

Note that FIG. 18B illustrates an example in which the
transistor 741 and the capacitor 742 are provided on the same
plane. In such a structure, the capacitor 742 can be manufac-
tured on the same plane as the gate electrode, a gate insulating
film, and a source electrode (drain electrode) of the transistor
741. When the transistor 741 and the capacitor 742 are pro-
vided on the same plane in this manner, the process for manu-
facturing the display module can be shortened and the pro-
ductivity can be improved.

FIG. 18B illustrates an example in which a transistor hav-
ing the bottom-gate structure among the transistor structures
of one embodiment of the present invention is used as the
transistor 741. That is, the gate electrode 702 is provided over
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the substrate 701, and an oxide film 706 is provided over the
gate electrode 702 with a gate insulating film 705 provided
therebetween. The above description can be referred to for the
details of the transistor 741.

An insulating film 720 is provided over the transistor 741
and the capacitor 742.

An opening reaching a source electrode 704a of the tran-
sistor 741 is provided in the insulating film 720 and a protec-
tive insulating film 703.

An electrode 781 is provided over the insulating film 720.
The electrode 781 is in contact with the source electrode 704a
of the transistor 741 through the opening provided in the
insulating film 720 and the protective insulating film 703.

A partition 784 having an opening reaching the electrode
781 is provided over the electrode 781.

Over the partition 784, a light-emitting layer 782 is pro-
vided which is in contact with the electrode 781 in the open-
ing provided in the partition 784.

An electrode 783 is provided over the light-emitting layer
782.

A region where the electrode 781, the light-emitting layer
782, and the electrode 783 overlap with one another serves as
the light-emitting element 719.

Note that the insulating film 720 may be formed to have a
single-layer structure or a stacked-layer structure using one or
more insulating films containing any of aluminum oxide,
magnesium oxide, silicon oxide, silicon oxynitride, gallium
oxide, germanium oxide, yttrium oxide, zirconium oxide,
lanthanum oxide, neodymium oxide, hatnium oxide, and tan-
talum oxide. Alternatively, a resin film of a polyimide resin,
anacrylic resin, an epoxy resin, a silicone resin, or the like can
also be used.

The light-emitting layer 782 is not limited to a single layer
and may be provided by stacking a plurality of kinds of
light-emitting layers and the like. For example, the light-
emitting layer 782 may have a structure illustrated in FIG.
18C. FIG. 18C illustrates a structure in which an intermediate
layer 785a, a light-emitting layer 7864, an intermediate layer
7855, alight-emitting layer 78654, an intermediate layer 785c¢,
a light-emitting layer 786¢, and an intermediate layer 7854
are stacked in this order. At this time, when the light-emitting
element 719 is formed using light-emitting layers with appro-
priate emission colors as the light-emitting layer 7864, the
light-emitting layer 7865, and the light-emitting layer 786c¢,
the light-emitting element 719 can have high color rendering
properties or high emission efficiency.

By stacking a plurality of kinds of light-emitting layers,
white light may be obtained. Although not illustrated in FI1G.
18B, white light may be extracted through a coloring layer.

Although the structure in which three light-emitting layers
and four intermediate layers are provided is shown here, the
number of light-emitting layers and the number of interme-
diate layers are not limited thereto and can be changed as
appropriate. For example, the light-emitting layer 782 can be
formed with only the intermediate layer 7854, the light-emit-
ting layer 7864, the intermediate layer 7855, the light-emit-
ting layer 78654, and the intermediate layer 785¢. Alterna-
tively, the light-emitting layer 782 can be formed with only
the intermediate layer 7854, the light-emitting layer 7864, the
intermediate layer 7854, the light-emitting layer 7864, the
light-emitting layer 786¢, and the intermediate layer 7854,
and the intermediate layer 785¢ may be omitted.

In addition, the intermediate layer can be formed using a
stacked-layer structure of a hole-injection layer, a hole-trans-
port layer, an electron-transport layer, an electron-injection
layer, and the like. Note that not all of these layers need to be
provided as the intermediate layer. These layers may be
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selected and provided as appropriate. Note that a plurality of
layers having similar functions may be provided. Further, a
carrier generation layer, an electron-relay layer, or the like
may be added as appropriate as an intermediate layer.

As the electrode 781, a conductive film having a visible
light transmitting property may be used. The phrase “having
a visible light transmitting property” means that the average
transmittance in the visible light region (e.g., the wavelength
range from 400 nm to 800 nm) is 70% or higher, particularly
80% or higher.

As the electrode 781, an oxide film such as an In—Zn—W
oxide film, an In—Sn oxide film, an In—Zn oxide film, an In
oxide film, a Zn oxide film, or a Sn oxide film may be used, for
example. A slight amount of Al, Ga, Sb, F, or the like may be
added to the above oxide film. Further, a metal thin film
having a thickness small enough to transmit light (preferably,
approximately 5 nm to 30 nm) can also be used. For example,
an Ag film, a Mg film, or an Ag—Mg alloy film having a
thickness of 5 nm may be used. Further, graphene may be
used.

Alternatively, as the electrode 781, a film capable of effi-
ciently reflecting visible light is preferable. For example, a
film containing lithium, aluminum, titanium, magnesium,
lanthanum, silver, silicon, or nickel may be used as the elec-
trode 781.

Asthe electrode 783, a film selected from the films given as
examples of the electrode 781 can be used. Note that in the
case where the electrode 781 has a visible light transmitting
property, it is preferable that the electrode 783 efficiently
reflect visible light. In the case where the electrode 781 effi-
ciently reflect visible light, the electrode 783 preferably has a
visible light transmitting property.

Note that the electrode 781 and the electrode 783 provided
in the structure illustrated in FIG. 18B may be interchanged.
It is preferable to use a conductive film having a high work
function for the electrode which functions as an anode, and a
conductive film having a low work function for the electrode
which functions as a cathode. Note that in the case where a
carrier generation layer is provided in contact with the anode,
a variety of conductive films can be used for the anode regard-
less of their work functions.

For the partition 784, the protective insulating film 703 can
be referred to. A resin film of a polyimide resin, an acrylic
resin, an epoxy resin, a silicone resin, or the like can also be
used.

The transistor 741 connected to the light-emitting element
719 has stable electrical characteristics. Therefore, a display
module having high display quality can be provided.

FIGS. 19A and 19B are each an example of a cross-sec-
tional view of an EL display module which is partly different
from that in FIG. 18B. Specifically, a wiring connected to the
FPC 732 is different. In FIG. 19A, the FPC 732 is connected
to awiring 7335 through the terminal 731. The wiring 7335 is
formed using the same layer as the source electrode 704a and
a drain electrode 70454. In FIG. 19B, the FPC 732 is electri-
cally connected to a wiring 733¢ through the terminal 731.
The wiring 733c¢ is formed using the same layer as the elec-
trode 781.

[5.2. Display Module Including Liquid Crystal Element]

Next, a display module including a liquid crystal element
(hereinafter referred to as a liquid crystal display module) is
described.

FIG. 20 is a circuit diagram illustrating a structural
example of a pixel of a liquid crystal display module. A pixel
750 illustrated in FIG. 20 includes a transistor 751, a capacitor
752, and an element 753 in which a space between a pair of
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electrodes is filled with a liquid crystal (hereinafter also
referred to as a liquid crystal element).

One of a source and a drain of the transistor 751 is electri-
cally connected to a signal line 755, and a gate of the transistor
751 is electrically connected to a scan line 754.

One electrode of the capacitor 752 is electrically connected
to the other of the source and the drain of the transistor 751,
and the other electrode of the capacitor 752 is electrically
connected to a wiring supplied with a common potential.

One electrode of the liquid crystal element 753 is electri-
cally connected to the other of the source and the drain of the
transistor 751, and the other electrode of the liquid crystal
element 753 is electrically connected to the wiring supplied
with the common potential. Note that the common potential
supplied to the wiring electrically connected to the other
electrode of the capacitor 752 and the common potential
supplied to the other electrode of the liquid crystal element
753 may be different potentials.

Note that a top view of the liquid crystal display module is
substantially similar to that of the display module including
the EL element. A cross-sectional view of the liquid crystal
display module which is taken along dashed-dotted line M-N
in FIG. 18A, is illustrated in FIG. 21A. In FIG. 21A, the FPC
732 is electrically connected to the wiring 7334 through the
terminal 731. Note that the wiring 733a is formed using the
same layer as the gate electrode 702.

FIG. 21 A illustrates an example in which the transistor 751
and the capacitor 752 are provided on the same plane. In such
a structure, the capacitor 752 can be formed on the same plane
as the gate electrode, a gate insulating film, and a source
electrode (drain electrode) of the transistor 751. When the
transistor 751 and the capacitor 752 are provided on the same
plane in this manner, the process for manufacturing the dis-
play module can be shortened and the productivity can be
improved.

As the transistor 751, the transistor of one embodiment of
the present invention can be used. FIG. 21A illustrates an
example in which a transistor having a bottom-gate structure
is used. That is, the gate electrode 702 is provided over the
substrate 701, and the oxide film 706 is provided over the gate
electrode 702 with the gate insulating film 705 provided
therebetween. The above description can be referred to for the
details of the transistor 751.

Note that the transistor 751 can have extremely low off-
state current. Therefore, a charge held by the capacitor 752
does not leak easily, and a voltage applied to the liquid crystal
element 753 can be maintained for a long time. Thus, by
turning off the transistor 751 when a moving image with little
motion or a still image is displayed, an electrode for operating
the transistor 751 becomes unnecessary, and the display mod-
ule can have low power consumption.

An insulating film 721 is provided over the transistor 751
and the capacitor 752.

An opening reaching the source electrode 704a of the
transistor 741 is provided in the insulating film 721 and the
protective insulating film 703.

An electrode 791 is provided over the insulating film 721.
The electrode 791 is in contact with the drain electrode 7045
of the transistor 751 through the opening provided in the
insulating film 721 and the protective insulating film 703.

An insulating film 792 functioning as an alignment film is
provided over the electrode 791.

A liquid crystal layer 793 is provided over the insulating
film 792, and an insulating film 794 functioning as an align-
ment film is provided over the liquid crystal layer 793.

A spacer 795 is provided over the insulating film 794.
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An electrode 796 is provided over the spacer 795 and the
insulating film 794, and a substrate 797 is provided over the
electrode 796.

Note that the insulating film 721 may be formed to have a
single-layer structure or a stacked-layer structure using one or
more insulating films containing any of aluminum oxide,
magnesium oxide, silicon oxide, silicon oxynitride, gallium
oxide, germanium oxide, yttrium oxide, zirconium oxide,
lanthanum oxide, neodymium oxide, hatnium oxide, and tan-
talum oxide. A resin film of a polyimide resin, an acrylic
resin, an epoxy resin, a silicone resin, or the like can also be
used.

For the liquid crystal layer 793, a thermotropic liquid crys-
tal, a low-molecular liquid crystal, a high-molecular liquid
crystal, a polymer-dispersed liquid crystal, a ferroelectric
liquid crystal, an anti-ferroelectric liquid crystal, or the like
can be used. Such a liquid crystal exhibits a cholesteric phase,
a smectic phase, a cubic phase, a chiral nematic phase, an
isotropic phase, or the like depending on conditions.

Note that a liquid crystal exhibiting a blue phase may be
used for the liquid crystal layer 793. In that case, the insulat-
ing film 792 and the insulating film 794 which serve as align-
ment films can be omitted from the structure. The blue phase
is one of liquid crystal phases, which is generated just before
a cholesteric phase changes into an isotropic phase while the
temperature of a cholesteric liquid crystal is increased. Since
the blue phase appears only in a narrow temperature range, a
liquid crystal composition in which several weight percent or
more of a chiral material is mixed is used for the liquid crystal
layer in order to improve the temperature range. The liquid
crystal composition which includes a liquid crystal material
exhibiting a blue phase and a chiral material has a short
response time of 1 msec or less, and has optical isotropy,
which contributes to the exclusion of the alignment process
and reduction of viewing angle dependence. In addition, since
an alignment film does not need to be provided and rubbing
treatment is unnecessary, electrostatic discharge damage
caused by the rubbing treatment can be prevented and defects
and damage of a display panel in the manufacturing process
can be reduced. Thus, the display panel can be provided with
high productivity. Accordingly, the liquid crystal display
module can be provided with high productivity. A transistor
formed using an oxide film has a possibility that the electrical
characteristics of the transistor may be changed significantly
by the influence of static electricity and may deviate from the
designed range. Therefore, it is more effective to use a liquid
crystal composition exhibiting a blue phase for the liquid
crystal display module including the transistor formed using
an oxide.

The specific resistivity of the liquid crystal material is
higher than or equal to 1x10° Q-cm, preferably higher than or
equal to 1x10' Q-cm, further preferably higher than or equal
to 1x10'% Q-cm. Note that the value of the specific resistivity
is measured at 20° C.

The size of a storage capacitor formed in the liquid crystal
display module is set considering the leakage current of the
transistor provided in a pixel portion, or the like so that charge
can beheld for a predetermined period. The size of the storage
capacitor may be set considering the off-state current of the
transistor, or the like. When a transistor of one embodiment of
the present invention is used, it is sufficient to provide a
storage capacitor having a capacitance that is 5 or less,
preferably Y5 or less, of liquid crystal capacitance of each
pixel.

In the transistor of one embodiment of the present inven-
tion, the current in an off state (off-state current) can be
controlled to be low. Accordingly, an electric signal such as an
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image signal can be held for a longer period, and a writing
interval can be set longer in an on state. Accordingly, the
frequency of refresh operation can be reduced, which is effec-
tive in suppressing power consumption.

The transistor of one embodiment of the present invention
can have relatively high field-effect mobility and thus can
operate at high speed. For example, when such a transistor
which can operate at high speed is used for a liquid crystal
display module, a switching transistor in a pixel portion and a
transistor in a driver circuit portion can be formed over one
substrate. That is, since a semiconductor device formed using
asilicon wafer or the like is not additionally needed as a driver
circuit, the number of components of the semiconductor
device can bereduced. In addition, by using a transistor which
can operate at high speed also in a pixel portion, a high-
quality image can be provided.

For the liquid crystal display module, a twisted nematic
(TN) mode, an in-plane-switching (IPS) mode, a fringe field
switching (FFS) mode, an axially symmetric aligned micro-
cell (ASM) mode, an optical compensated birefringence
(OCB) mode, a ferroelectric liquid crystal (FL.C) mode, an
anti-ferroelectric liquid crystal (AFLC) mode, or the like can
be used.

Alternatively, a normally black liquid crystal display mod-
ule such as a transmissive liquid crystal display module uti-
lizing a vertical alignment (VA) mode may be used. The
vertical alignment mode is a method of controlling alignment
ofliquid crystal molecules of a liquid crystal display panel, in
which liquid crystal molecules are aligned in a vertical direc-
tion with respect to a panel surface when no voltage is
applied. Some examples of the vertical alignment mode can
be given. For example, a multi-domain vertical alignment
(MVA) mode, a patterned vertical alignment (PVA) mode, or
an advanced super view (ASV) mode can be used. Moreover,
it is possible to use a method called domain multiplication or
multi-domain design, in which a pixel is divided into some
regions (subpixels) and molecules are aligned in different
directions in their respective regions.

As the electrode 791, a conductive film having a visible
light transmitting property may be used.

As the electrode 791, an oxide film such as an In—Zn—W
oxide film, an In—Sn oxide film, an In—Zn oxide film, an In
oxide film, a Zn oxide film, or a Sn oxide film may be used, for
example. A slight amount of Al, Ga, Sb, F, or the like may be
added to the oxide film. Further, a metal thin film having a
thickness small enough to transmit light (preferably, approxi-
mately 5 nm to 30 nm) can also be used. For example, an Ag
film, a Mg film, or an Ag—Mg alloy film having a thickness
of 5 nm may be used. Further, graphene may be used.

Alternatively, as the electrode 791, a film capable of effi-
ciently reflecting visible light is preferable. For example, a
film containing aluminum, titanium, chromium, copper,
molybdenum, silver, tantalum, or tungsten may be used as the
electrode 791.

As the electrode 796, a film selected from the films given as
examples of the electrode 791 can be used. Note that in the
case where the electrode 791 has a visible light transmitting
property, the electrode 796 is preferably capable of efficiently
reflecting visible light. In the case where the electrode 791 is
capable of efficiently reflecting visible light, the electrode
796 preferably has a visible light transmitting property.

Note that the electrode 791 and the electrode 796 provided
in the structure illustrated in FIG. 21 A may be interchanged.

For the insulating film 792 and the insulating film 794, a
material selected from organic compounds or inorganic com-
pounds may be used.
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For the spacer 795, a material selected from organic com-
pounds such as an acrylic resin or inorganic compounds such
as silica may be used. Note that the spacer 795 can have any
of various shapes such as a columnar shape or a spherical
shape.

A region where the electrode 791, the insulating film 792,
the liquid crystal layer 793, the insulating film 794, and the
electrode 796 overlap with one another serves as the liquid
crystal element 753.

For the substrate 797, glass, a resin, a metal, or the like may
be used. The substrate 797 may have flexibility.

Although not illustrated, a black matrix (a light-blocking
layer) and color filters for three colors of RGB (R, G, and B
represent red, green, and blue, respectively) can be provided
over the substrate 797.

On the sides of the substrate 701 and the substrate 797
which are opposite to the sides facing the liquid crystal layer
793, an optical member (an optical substrate) such as a polar-
izing member, a retardation member, or an anti-reflection
member, or the like may be provided as appropriate. For
example, circular polarization may be obtained by using a
polarizing substrate and a retardation substrate.

As a display method in the pixel portion, a progressive
method, an interlace method, or the like can be employed.
Further, color components controlled in a pixel at the time of
color display are not limited to the three colors of R, G, and B.
For example, R, G, B, and W (W represents white); or R, G,
B, and one or more of yellow, cyan, magenta, and the like can
be used. Note that the sizes of display regions may be differ-
ent between respective dots of color components. Note that
the display module is not limited to a display module for color
display, and can also be used for a liquid crystal display
module for monochrome display.

FIGS. 21B and 21C are each an example of a cross-sec-
tional view of a liquid crystal display module which is partly
different from that in FIG. 21A. Specifically, a wiring con-
nected to the FPC 732 is different. In FIG. 21B, the FPC 732
is connected to the wiring 7335 through the terminal 731. The
wiring 7335 is formed using the same layer as the source
electrode 704a and the drain electrode 70454. In FIG. 21C, the
FPC 732 is connected to the wiring 733 ¢ through the terminal
731. The wiring 733c¢ is formed using the same layer as the
electrode 791.

The transistor 751 connected to the liquid crystal element
753 has stable electrical characteristics. Therefore, a display
module having high display quality can be provided. In addi-
tion, the transistor 751 can have extremely low off-state cur-
rent; thus, a liquid crystal display module with low power
consumption can be provided.

Here, as an example of a display mode of the above-de-
scribed liquid crystal display module, a display module
including a FFS mode liquid crystal element is described with
reference to FIGS. 22A to 22C.

FIG. 22A is a plan view of a liquid crystal display module.
In FIG. 22A, a sealant 4005 is provided so as to surround a
pixel portion 4002 and a scan line driver circuit 4004 which
are provided over a substrate 4001. A substrate 4006 is pro-
vided over the pixel portion 4002 and the scan line driver
circuit 4004. Consequently, the pixel portion 4002 and the
scan line driver circuit 4004 are sealed together with a liquid
crystal element, by the substrate 4001, the sealant 4005, and
the substrate 4006. In FIG. 22A, an IC chip or a signal line
driver circuit 4003 which is formed using a single crystal
semiconductor film or a polycrystalline semiconductor film
over a substrate separately prepared is mounted in a region
that is different from the region surrounded by the sealant
4005 over the substrate 4001. Various signals and potentials
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are supplied to the pixel portion 4002 from a FPC 4018
through the signal line driver circuit 4003 and the scan line
driver circuit 4004.

Although FIG. 22A illustrates an example in which the
signal line driver circuit 4003 is formed separately and
mounted on the substrate 4001, one embodiment of the
present invention is not limited to this structure. The scan line
driver circuit may be separately formed and then mounted, or
only part of the signal line driver circuit or part of the scan line
driver circuit may be separately formed and then mounted.

Note that there is no particular limitation on the method for
connecting a separately formed driver circuit, and a chip on
glass (COG) method, a wire bonding method, a tape auto-
mated bonding (TAB) method, or the like can be used. FIG.
22A illustrates an example in which the signal line driver
circuit 4003 is mounted by a COG method.

The pixel portion and the scan line driver circuit which are
provided over the substrate include a plurality of transistors;
the transistor of one embodiment of the present invention can
be applied thereto.

FIG. 22B illustrates an example of a pixel structure of the
pixel portion 4002 where an FFS mode is employed. FFSis a
display mode in which liquid crystal molecules are aligned by
a fringe electric field formed by a common electrode (here-
inafter referred to as a first electrode) and a pixel electrode
(hereinafter referred to as a second electrode) which are par-
allel and overlap with each other over a substrate. Increases in
aperture ratio and viewing angle of a liquid crystal display
module can be achieved.

A pixel includes an intersection of a wiring 4050 electri-
cally connected to a gate electrode of a transistor 4010 and a
wiring 4052 electrically connected to one of a source elec-
trode and a drain electrode of the transistor 4010. The wiring
4050 functions as a gate signal line (scan line), and the wiring
4052 functions as a source signal line. In addition, the pixel
includes a first electrode 4034 isolated from other pixels or
shared with other pixels and a second electrode 4031 isolated
from other pixels and electrically connected to the other of the
source electrode and the drain electrode of the transistor
4010. The second electrode 4031 is provided so as to overlap
with the first electrode 4034 and provided with a plurality of
openings which form slits.

FIG. 22C corresponds to a cross-sectional view taken
along the line M-N in FIG. 22A. In the liquid crystal display
module, the transistor 4010 provided in the pixel portion 4002
is electrically connected to the liquid crystal element.

As illustrated in FIGS. 22A and 22C, the liquid crystal
display module includes a connection terminal electrode
4015 and a terminal electrode 4016. The connection terminal
electrode 4015 and the terminal electrode 4016 are electri-
cally connected to a terminal included in the FPC 4018
through an anisotropic conductive layer 4019.

The connection terminal electrode 4015 is formed using
the same conductive layer as the first electrode 4034, and the
terminal electrode 4016 is formed using the same conductive
layer as gate electrodes of the transistor 4010 and a transistor
4011. As the material of the conductive layer, a material
which can be used for the gate electrode 102 illustrated in
FIGS. 1A to 1C can be used, for example.

The pixel portion 4002 and the scan line driver circuit 4004
which are provided over the substrate 4001 include a plurality
of transistors. FIG. 22C illustrates the transistor 4010
included in the pixel portion 4002 and the transistor 4011
included in the scan line driver circuit 4004 as an example,
and insulating films 40324 and 40325 are provided over the
transistors 4010 and 4011.
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In FIG. 22C, a planarization insulating film 4040 is pro-
vided over the insulating film 40324, and an insulating film
4042 is provided between the first electrode 4034 and the
second electrode 4031.

For the planarization insulating film 4040, an organic resin
such as an acrylic-, polyimide-, or benzocyclobutene-based
resin, polyamide, or epoxy can be used. Other than such
organic materials, it is also possible to use a low dielectric
constant material (low-k material), a siloxane-based resin, or
the like.

As the transistors 4010 and 4011, the transistor of one
embodiment of the present invention can be used. The tran-
sistors 4010 and 4011 are transistors having a bottom-gate
structure.

A gate insulating film included in the transistors 4010 and
4011 can have a single-layer structure or a stacked-layer
structure. Here, a gate insulating film 4020a and a gate insu-
lating film 40205 each have a stacked-layer structure. In FIG.
22C, the gate insulating film 4020q and the insulating film
40325 extend under the sealant 4005 so as to cover an end
portion of the connection terminal electrode 4015, and the
insulating film 40325 covers side surfaces of the gate insulat-
ing film 40205 and the insulating film 40324. For the gate
insulating films 4020a and 40205, a material which can be
used for the gate insulating film 103 illustrated in FIGS. 1A to
1C can be used, for example.

In addition, a conductive layer may be provided so as to
overlap with the oxide film of the transistor 4011 in the driver
circuit. By providing the conductive layer so as to overlap
with the oxide film, the threshold voltage of the transistor
4011 can be controlled.

In addition, the conductive layer has a function of blocking
an external electric field (particularly, blocking static electric-
ity), that is, preventing an external electric field from affecting
the inside (a circuit portion including a transistor). The block-
ing function of the conductive layer can prevent change in the
electrical characteristics of the transistor due to an influence
of an external electric field such as static electricity.

InFIG. 22C, aliquid crystal element 4013 includes the first
electrode 4034, the second electrode 4031, and a liquid crys-
tal layer 4008. Note that an insulating film 4038 and an
insulating film 4033 functioning as alignment films are pro-
vided so that the liquid crystal layer 4008 is interposed ther-
ebetween. As the liquid crystal layer 4008, a layer of a mate-
rial which can be used for the liquid crystal layer 793
illustrated in FIGS. 21A to 21C can be used, for example.

The liquid crystal element 4013 includes the second elec-
trode 4031 having an opening pattern below the liquid crystal
layer 4008 and the first electrode 4034 having a flat-plate
shape below the second electrode 4031 with the insulating
film 4042 provided therebetween. The second electrode 4031
having an opening pattern has a shape including a bend por-
tion or a branching comb-like shape. Since the second elec-
trode 4031 has an opening pattern, the first electrode 4034 and
the second electrode 4031 can form a fringe electric field
therebetween. Note that a structure may be employed in
which the second electrode 4031 having a flat-plate shape is
formed on and in contact with the planarization insulating
film 4040, and the first electrode 4034 having an opening
pattern and serving as a pixel electrode is formed over the
second electrode 4031 with the insulating film 4042 provided
therebetween.

As the first electrode 4034 and the second electrode 4031,
an oxide film such as an In—Z7n—W oxide film, an In—Sn
oxide film, an In—Zn oxide film, an In oxide film, a Zn oxide
film, or a Sn oxide film may be used. A slight amount of Al,
Ga, Sb, F, or the like may be added to the above oxide film.

5

10

20

25

30

35

40

45

50

55

60

65

48

Further, a metal thin film having a thickness small enough to
transmit light (preferably, approximately 5 nm to 30 nm) can
also be used. For example, an Ag film, a Mg film, or an
Ag—Mg alloy film having a thickness of 5 nm may be used.
Further, graphene may be used.

The first electrode 4034 and the second electrode 4031 can
be formed using one or plural kinds selected from metals such
as tungsten (W), molybdenum (Mo), zirconium (Zr), hafnium
(Hf), vanadium (V), niobium (Nb), tantalum (Ta), chromium
(Cr), cobalt (Co), nickel (Ni), titanium (T1), platinum (Pt),
aluminum (Al), copper (Cu), and silver (Ag), alloys thereof,
and nitrides thereof.

A conductive composition containing a conductive high
molecule (also referred to as conductive polymer) can be used
for the first electrode 4034 and the second electrode 4031.

A spacer 4035 is a columnar spacer obtained by selective
etching of an insulating film and is provided in order to
control the thickness (cell gap) of the liquid crystal layer
4008. Alternatively, a spherical spacer may be used.

Alternatively, a liquid crystal composition exhibiting a
blue phase for which an alignment film is unnecessary may be
used for the liquid crystal layer 4008. In that case, the liquid
crystal layer 4008 is in contact with the first electrode 4034
and the second electrode 4031.

Note that the insulating film 4042 illustrated in FIG. 22C
partly has an opening, through which moisture contained in
the planarization insulating film 4040 can be released. How-
ever, the opening is not necessarily provided depending on the
film quality of the insulating film 4042 provided over the
planarization insulating film 4040.

The size of a storage capacitor formed in the liquid crystal
display module is set considering the leakage current of the
transistor provided in the pixel portion, or the like so that
charge can be held for a predetermined period. The size of the
storage capacitor may be set considering the off-state current
of the transistor or the like. By using the transistor of one
embodiment of the present invention, the size of the storage
capacitor can be reduced. Accordingly, the aperture ratio of
each pixel can be increased.

As illustrated in FIGS. 22B and 22C, a structure may be
employed in which no capacitor is provided as a storage
capacitor in a pixel, and parasitic capacitance generated
between the first electrode 4034 and the second electrode
4031 may be used as a storage capacitor. When a capacitor is
not provided in this manner, the aperture ratio of the pixel can
be further increased.

In the transistor of one embodiment of the present inven-
tion, the current in an off state (off-state current) can be
controlled to be low. Thus, an electric signal such as an image
signal can be held for a longer period, and a writing interval
can be set longer. Accordingly, the frequency of refresh
operation can be reduced, which is effective in suppressing
power consumption.

The transistor of one embodiment of the present invention
can have high field-effect mobility and thus can operate at
high speed. For example, when such a transistor is used for a
liquid crystal display module, a switching transistor in a pixel
portion and a transistor in a driver circuit portion can be
formed over one substrate. In addition, by using such a tran-
sistor also in a pixel portion, a high-quality image can be
provided.

In the liquid crystal display module, a black matrix (light-
blocking layer), an optical member (optical substrate) such as
apolarizing member, a retardation member, or an anti-reflec-
tion member, and the like are provided as appropriate. For
example, circular polarization may be obtained by using a
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polarizing plate and a retardation plate. In addition, a back-
light, a side light, or the like may be used as a light source.

In addition, a touch sensor may be provided over the pixel
portion 4002. When a touch sensor is provided, intuitive
operation is possible. The touch sensor will be described later.

As described above, the EL display module and the liquid
crystal display module are described as a display module
provided with a transistor of one embodiment of the present
invention. Alternatively, the display module provided with
the transistor of one embodiment of the present invention can
be employed for another display module such as a display
module including an electrophoretic element, for example.
Further, the transistor of one embodiment the present inven-
tion can be used for another semiconductor device such as a
photosensor, amemory, a CPU, or amicrocomputer as well as
the display modules which are described as examples of the
semiconductor device.

[5.3 Display Module Provided with Touch Sensor]|

Here, a structure example of a sensor that can detect prox-
imity or touch of an object (hereinafter referred to as a touch
sensor) is described.

For a touch sensor, a variety of types such as a capacitive
type, a resistive type, a surface acoustic wave type, and an
infrared type can be employed.

Examples of the capacitive touch sensor are typically of a
surface capacitive type, a projected capacitive type, and the
like. Further, examples of the projected capacitive type are of
a self capacitive type, a mutual capacitive type, and the like
mainly in accordance with the difference in the driving
method. Here, the use of a mutual capacitive type is prefer-
able because of simultaneous sensing of multiple points (also
referred to as multipoint sensing or multi-touch).

Besides the touch sensor described here in detail, a sensor
that can detect the operation (gesture) of an object (e.g., a
finger or a hand), eye movements of users, or the like by a
camera (including an infrared camera) or the like can be used
as a human interface.

[5.3.1. Example of Detection Method of Sensor]

FIGS. 23 A and 23B are schematic diagrams each illustrat-
ing a structure of a mutual capacitive touch sensor and input
and output waveforms. The touch sensor includes a pair of
electrodes. Capacitance is formed between the pair of elec-
trodes. Input voltage is input to one of the pair of electrodes.
Further, a detection circuit which detects current flowing in
the other electrode (or a potential of the other electrode) is
provided.

For example, in the case where a rectangular wave is used
as an input voltage waveform as illustrated in FIG. 23A, a
waveform having a sharp peak is detected as an output current
waveform.

Further, in the case where an object having conductivity is
proximate to or touches a capacitor as illustrated in FIG. 23B,
the capacitance value between the electrodes is decreased;
accordingly, the current value of the output is decreased.

By detecting a change in capacitance by using a change in
output current (or potential) with respect to input voltage in
this manner, proximity or a touch of'an object can be detected.
[5.3.2. Structure Example of Touch Sensor]|

FIG. 23C illustrates a structure example of a touch sensor
provided with a plurality of capacitors arranged in a matrix.

The touch sensor includes a plurality of wirings extending
in an X direction (the horizontal direction of this figure) and
a plurality of wirings extending in a'Y direction (the vertical
direction of this figure) which intersect with the plurality of
wirings. Capacitance is formed between two wirings inter-
secting with each other.
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One of input voltage and a common potential (including a
grounded potential and a reference potential) is input to each
of the wirings extending in the X direction. Further, a detec-
tion circuit (e.g., a source meter or a sense amplifier) is
electrically connected to the wirings extending in the Y direc-
tion and can detect current (or potential) flowing through the
wirings.

The touch sensor can perform sensing two dimensionally
in such a manner that the touch sensor sequentially scans the
plurality of wirings extending in the X direction so that input
voltage is input and detects a change in current (or potential)
flowing through the wirings extending in the Y direction.
[5.3.3. Structural Example of Touch Panel]

A structure example of a touch panel incorporating the
touch sensor into a display portion including a plurality of
pixels is described below. Here, an example where a liquid
crystal element is used as a display element provided in the
pixel is shown.

FIG. 24A is an equivalent circuit diagram of part of a pixel
circuit provided in the display portion of the touch panel
exemplified in this structure example.

Each pixel includes at least a transistor 3503 and a liquid
crystal element 3504. In addition, a gate of the transistor 3503
is electrically connected to a wiring 3501 and one of a source
and a drain of the transistor 3503 is electrically connected to
a wiring 3502.

The pixel circuit includes a plurality of wirings extending
in the X direction (e.g., a wiring 3510_1 and a wiring 3510_2)
and a plurality of wirings extending in the Y direction (e.g., a
wiring 3511). They are provided to intersect with each other,
and capacitance is formed therebetween.

Among the pixels provided in the pixel circuit, ones of
electrodes of the liquid crystal elements of some pixels adja-
cent to each other are electrically connected to each other to
form one block. The block is classified into two types: an
island-shaped block (e.g., ablock 3515_1 or a block 3515_2)
and a linear block (e.g., a block 3516) extending in the Y
direction.

The wiring 3510_1 (or 3510_2) extending in the X direc-
tion is electrically connected to the island-shaped block
3515_1 (or the block 3515_2). Further, the wiring 3511
extending in the Y direction is electrically connected to the
linear block 3516.

FIG. 24B is an equivalent circuit diagram in which a plu-
rality of wirings 3510 extending in the X direction and the
plurality of wirings 3511 extending in the Y direction are
illustrated. Input voltage or a common potential can be input
to each of the wirings 3510 extending in the X direction.
Further, a ground potential can be input to each of the wirings
3511 extending in the Y direction, or the wirings 3511 can be
electrically connected to the detection circuit.

[5.3.4. Example of Operation of Touch Panel]

Operation of the above-described touch panel is described
with reference to FIGS. 25A and 25B and FIG. 26.

As illustrated in FIG. 26, one frame period is divided into
a writing period and a detecting period. The writing period is
a period in which image data is written to a pixel, and the
wirings 3510 (also referred to as gate lines) are sequentially
selected. On the other hand, the detecting period is a period in
which sensing is performed by a touch sensor, and the wirings
3510 extending in the X direction are sequentially selected
and input voltage is input.

FIG. 25A is an equivalent circuit diagram in the writing
period. In the wiring period, a common potential is input to
both the wiring 3510 extending in the X direction and the
wiring 3511 extending in the Y direction.
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FIG. 25B is an equivalent circuit diagram at some point in
time in the detection period. In the detection period, each of
the wirings 3511 extending in the Y direction is electrically
connected to the detection circuit. Input voltage is input to the
wirings 3510 extending in the X direction which are selected,
and a common potential is input to the wirings 3510 extend-
ing in the X direction which are not selected.

It is preferable that a period in which an image is written
and a period in which sensing is performed by a touch sensor
be separately provided as described above. Thus, a decrease
in sensitivity of the touch sensor caused by noise generated
when data is written to a pixel can be suppressed.

[5.3.5. Structure Examples of Pixel]

Structure examples of a pixel which can be used for the
above touch panel are described below.

FIG. 27A is a cross-sectional schematic view illustrating
part of a pixel using a fringe field switching (FFS) mode.

The pixel includes a transistor 3521, an electrode 3522, an
electrode 3523, a liquid crystal 3524, and a color filter 3525.
The electrode 3523 having an opening is electrically con-
nected to one of a source and a drain of the transistor 3521.
The electrode 3523 is provided over the electrode 3522 with
an insulating layer provided therebetween. The electrode
3523 and the electrode 3522 can each function as one elec-
trode of a liquid crystal element, and by applying different
potentials therebetween, alignment of liquid crystals can be
controlled.

For example, the electrode 3522 is electrically connected
to the above-described wiring 3510 or wiring 3511; thus, the
pixel of the above-described touch panel can be formed.

Note that the electrode 3522 can be provided over the
electrode 3523. In that case, the electrode 3522 may have an
opening and may be provided over the electrode 3523 with an
insulating layer provided therebetween.

FIG. 27B is a cross-sectional schematic view illustrating
part of a pixel having an in-plane-switching (IPS) mode.

The electrode 3523 and electrode 3522 provided in the
pixel each have a comb-like shape and are provided on the
same plane so as to engage with each other and be apart from
each other.

For example, the electrode 3522 is electrically connected
to the above-described wiring 3510 or wiring 3511; thus, the
pixel of the above-described touch panel can be formed.

FIG. 27C is a cross-sectional schematic view illustrating
part of a pixel having a vertical alignment (VA) mode.

The electrode 3522 is provided so as to face the electrode
3523 with the liquid crystal 3524 provided therebetween. A
wiring 3526 is provided over the electrode 3522. For
example, the wiring 3526 can be provided to electrically
connect the block including the pixel illustrated in FIG. 27C
and blocks different from the block including the pixel illus-
trated in FIG. 27C.

For example, the electrode 3522 is electrically connected
to the above-described wiring 3510 or wiring 3511; thus, the
pixel of the above-described touch panel can be formed.

[6. Electric Device]

Next, electric devices including the semiconductor device
as a component are described.
[6.1. Range of Electric Devices]

Electric devices refer to industrial products including por-
tions which operate with electric power. Electric devices
include a wide range of applications for business use, indus-
trial use, military use, and the like without being limited to
consumer products such as household appliances.

Examples of electric devices include the following: display
devices such as televisions and monitors, lighting devices,
desktop or laptop personal computers, word processors,
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image reproduction devices which reproduce still images or
moving images stored in recording media such as digital
versatile discs (DVDs), portable or stationary audio repro-
duction devices such as compact disc (CD) players and digital
audio players, portable or stationary radio receivers, audio
recording and reproduction devices such as tape recorders
and IC recorders (voice recorders), headphone stereos, ste-
reos, remote controllers, clocks such as table clocks and wall
clocks, cordless phone handsets, transceivers, cellular
phones, car phones, portable or stationary game machines,
pedometers, calculators, portable information terminals,
electronic notebooks, e-book readers, electronic translators,
audio input devices such as microphones, cameras such as
still cameras and video cameras, toys, electric shavers, elec-
tric toothbrushes, high-frequency heating appliances such as
microwave ovens, electric rice cookers, electric washing
machines, electric vacuum cleaners, water heaters, electric
fans, hair dryers, air-conditioning systems such as humidifi-
ers, dehumidifiers, and air conditioners, dishwashing
machines, dish drying machines, clothes dryers, futon dryers,
electric refrigerators, electric freezers, electric refrigerator-
freezers, freezers for preserving DNA, flashlights, electric
power tools, alarm devices such as smoke detectors, gas
alarms, and security alarms, health and medical equipment
such as hearing aids, cardiac pacemakers, X-ray equipment,
radiation counters, electric massagers, and dialyzers. Further
examples include the following industrial equipment: guide
lights, traffic lights, meters such as gas meters and water
meters, belt conveyors, elevators, escalators, industrial
robots, wireless relay stations, cellular base stations, power
storage systems, and power storage devices for leveling the
amount of power supply and smart grid. Moreover, examples
of electric devices include moving objects such as electric
vehicles (EV), hybrid electric vehicles (HEV) which include
both an internal-combustion engine and a motor, plug-in
hybrid electric vehicles (PHEV), tracked vehicles in which
caterpillar tracks are substituted for wheels of the above
vehicles, agricultural machines, motorized bicycles including
motor-assisted bicycles, motorcycles, electric wheelchairs,
electric carts, boats or ships, submarines, aircrafts such as
fixed-wing aircrafts and rotary-wing aircrafts, rockets, artifi-
cial satellites, space probes, planetary probes, and space-
crafts.

[6.2. Specific Example of Electric Device]

Specific examples of these electric devices are illustrated in
FIGS. 28A to 28D.

FIG. 28A illustrates a portable information terminal as one
example. The portable information terminal illustrated in
FIG. 28A includes a housing 9000, a button 9001, a micro-
phone 9002, a display portion 9003, a speaker 9004, and a
camera 9005, and has a function as a cellular phone. One
embodiment of the present invention can be applied to the
display portion 9003. Further, one embodiment of the present
invention can be applied to an arithmetic unit, a wireless
circuit, or a memory circuit inside a main body.

FIG. 28B illustrates a display. The display illustrated in
FIG. 28B includes ahousing 9010 and a display portion 9011.
One embodiment of the present invention can be applied to
the display portion 9011. Further, one embodiment of the
present invention can be applied to an arithmetic unit, a wire-
less circuit, or a memory circuit inside a main body.

FIG. 28C illustrates a digital still camera. The digital still
camera illustrated in FIG. 28C includes a housing 9020, a
button 9021, a microphone 9022, and a display portion 9023.
One embodiment of the present invention can be applied to
the display portion 9023. Further, one embodiment of the
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present invention can be applied to an arithmetic unit, a wire-
less circuit, or a memory circuit inside a main body.

FIG. 28D illustrates a foldable portable information termi-
nal. The foldable portable information terminal illustrated in
FIG. 28D includes housings 9030, a display portion 9031a, a
display portion 90315, a hinge 9032, and an operation switch
9033. One embodiment of the present invention can be
applied to the display portion 90314 and the display portion
90315. Further, one embodiment of the present invention can
be applied to an arithmetic unit, a wireless circuit, or a
memory circuit inside a main body.

Part or the whole of the display portion 9031a and/or the
display portion 90315 can function as a touch panel. By
touching an operation key displayed on the touch panel, a user
can input data, for example.

Electric devices illustrated in FIGS. 28E and 28F are
examples of portable information terminals each including a
display module with a curved surface in a display portion.

The portable information terminal illustrated in FIG. 28E
includes an operation button 9042, a speaker 9043, a micro-
phone 9044 in addition to a display portion 9041 provided in
a housing 9040. The portable information terminal further
includes an external connection port (not illustrated) such as
a stereo headphone jack, a memory card slot, a camera con-
nector, or a USB connector.

Further, one embodiment of the present invention can be
applied to the display portion 9041. One embodiment of the
present invention can be applied to an arithmetic unit, a wire-
less circuit, or a memory circuit inside a main body. By using
a substrate with a curved surface as a support substrate for
display elements, a portable information terminal including a
panel with a curved surface can be obtained. The display
portion 9041 is an example with an outwardly curved surface.

The portable information terminal illustrated in FIG. 28F is
an example which has a structure similar to that of the por-
table information terminal illustrated in FIG. 28E and
includes a display portion 9045 curved along a side surface of
the housing 9040. The portable information terminal illus-
trated in FI1G. 28F is an example which has a structure similar
to that of the portable information terminal illustrated in FIG.
28E and includes the display portion 9045 which is curved
inwardly.

Each of the display portions of the electric devices illus-
trated in FIGS. 28A to 28F and the like can also function as an
image sensor. For example, an image of a palm print, a fin-
gerprint, or the like is taken by touch on the display portion
with the palm or the finger, whereby personal identification
can be performed. Furthermore, when a backlight or a sensing
light source which emits near-infrared light is provided for
the display portion, an image of a finger vein, a palm vein, or
the like can also be taken. Such a function can be achieved by
using the semiconductor device of one embodiment of the
present invention.

Each of the electric devices and the like can be operated
with a button provided on the device or a touch panel provided
in the display portion, or can be operated by recognition of
user’s movement (gesture) (also referred to as gesture input)
using a camera provided on the device, a sensor provided in
the device, or the like. Alternatively, each device can be
operated by recognition of user’s voice (also referred to as
voice input). Such operation can be achieved by using the
semiconductor device of one embodiment of the present
invention.

The electric devices and the like can be connected to a
network. The electric devices and the like not only can display
information on the Internet but also can be used as a terminal
which controls another device connected to the network from

10

15

20

25

30

35

40

45

50

55

60

65

54

a distant place. Such a function can be achieved by using the
semiconductor device of one embodiment of the present
invention.

With the use of the semiconductor device of one embodi-
ment of the present invention, an electric device with high
performance and low power consumption can be provided.

Example 1

In this example, measurement results that show how sheet
resistance of an oxide semiconductor layer changes before
and after heat treatment corresponding to the heat treatment
performed after the formation of the oxide insulating film
shown in the above embodiment will be described with ref-
erence to FIGS. 29, 30, 31, and 32. For example, it can be
considered that the oxide semiconductor layer is an i-type in
the case where the sheet resistance of the oxide semiconduc-
tor layer exceeds the measurement upper limit value of mea-
surement equipment (i.e., exceeds the range) and the oxide
semiconductor layer is an n-type in the case where the sheet
resistance of the oxide semiconductor layer can be measured.

As samples for measurements of sheet resistance, the fol-
lowing samples were manufactured: samples which each
include an IGZO layer formed over a glass substrate by a
sputtering method with a target containing In, Ga, and Zn in
anatomic ratio of 1:1:1 (hereinafter the IGZO layer is referred
to as an IGZO (111) layer in this example) and samples which
each include an IGZO layer formed over a glass substrate by
a sputtering method with a target containing In, Ga, and Zn in
atomic ratio of 1:3:2 (hereinafter the IGZO layer is referred to
as an 1GZO (132) layer in this example). Here, the IGZO
(111) layer was formed under conditions where the flow rates
of argon and oxygen were each 100 sccm, the pressure was
0.6 Pa, the power (AC) was 5 kW, and the substrate tempera-
ture was 170° C. The IGZO (132) layer was formed under
conditions where the flow rates of argon and oxygen were 135
sccm and 15 scem, respectively, the pressure was 0.3 Pa, the
power (AC) was 5 kW, and the substrate temperature was
100° C. In either case, after the formation of the IGZO layer,
heat treatment was performed at 450° C. in a nitrogen atmo-
sphere for one hour, and then another heat treatment was
performed at 450° C. in a mixed atmosphere of nitrogen and
oxygen for one hour.

Further, a tungsten layer or a titanium layer was formed as
a conductive layer over the IGZO layer of each sample. The
tungsten layer was formed under conditions where the flow
rate of argon was 100 sccm, the pressure was 2.0 Pa, the
power (DC) was 20 kW or 60 kW, and the substrate tempera-
ture was 100° C. The titanium layer was formed under con-
ditions where the flow rate of argon was 100 sccm, the pres-
sure was 0.3 Pa, the power (DC) was 58 kW, and the substrate
temperature was 70° C.

After the formation of the conductive layer, some samples
were not subjected to heat treatment and the other samples
were subjected to heat treatment, and the IGZO layer was
exposed by removal of the conductive layer in each sample.
Heat treatment was performed at 350° C. in a mixed atmo-
sphere of nitrogen and oxygen for one hour as the heat treat-
ment after the formation of the conductive layer. The conduc-
tive layer was removed by a dry etching method under
conditions where the etching gases were SF; and oxygen
whose flow rates were 900 sccm and 100 scem, respectively,
the power of the ICP power source was 2000 W, the bias
power was 200 W, the pressure was 2.0 Pa, and the substrate
temperature was 80° C.

The sheet resistance of the IGZO layer was measured by
repeating a series of the following steps: a probe is made
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contact with the exposed surface of the IGZO layer to mea-
sure the sheet resistance, the IGZO layer was etched with an
etchant so as to be etched by several nanometers, and further
the sheet resistance of the surface was measured. Accord-
ingly, a profile of sheet resistance from the surface of the
1GZO layer which had been in contact with the conductive
layer to a region in the thickness direction can be obtained.
Note that the sheet resistance was measured by a DC four-
probe method. The DC four-probe method is a method for
calculating resistance such that four probes are aligned on the
surface of a measurement sample with predetermined inter-
vals, current is made to flow in a portion between the two
outermost probes, and voltage is measured with the two inner-
most probes. Although the four-probe method was employed
in this example, another measurement method such as a four-
terminal method may be employed instead of the four-probe
method.

FIGS. 29, 30, 31, and 32 show measurement results of
sheet resistance obtained in this manner. In each figure, the
horizontal axis represents the etching amount (unit: nm) of
the IGZO layers, and the vertical axis represents sheet resis-
tance (unit: £2/square). In the horizontal axis, a value of 0 nm
indicates a position of the outermost surfaces of the IGZO
layers which were exposed by removal of the conductive
layers, and the rightward direction indicates the depth direc-
tions of the IGZO layers.

FIGS. 29 and 30 each show the measurement results in the
case where the oxide semiconductor layers were each an
IGZO (111) layer. The case where heat treatment was not
performed after the formation of the conductive layers is
shown in FIG. 29, and the case where heat treatment was
performed after the formation of the conductive layers is
shown in FIG. 30. In a similar manner, FIGS. 31 and 32 each
show the measurement results in the case where the oxide
semiconductor layers were each an 1GZO (132) layer. The
case where heat treatment was not performed after the for-
mation of the conductive layers is shown in FIG. 31, and the
case where heat treatment was performed after the formation
of'the conductive layers was shown in FIG. 32. In each figure,
the top graph shows the case where a tungsten layer was
formed as each of the conductive layers and then removed,
and the bottom graph shows the case where a titanium layer
was formed as the conductive layer and then removed.

First, the case where the oxide semiconductor layer was an
1GZO (111) layer was evaluated. In the case where a tungsten
layer was formed as each of the conductive layers over the
1GZO (111) layer, sheet resistance of an upper portion of the
1GZO layer was able to be measured even when heat treat-
ment was not performed after the formation of the tungsten
layer (see FIG. 29). The sheet resistance also differs depend-
ing on the power at the formation of the tungsten layer; sheet
resistance can be measured in a region at a depth of approxi-
mately 5 nm from the surface when the power was 20 kw and
in aregion at a depth of approximately 10 nm therefrom when
the power was 60 kw. Thus, the above results show that the
upper portion of the IGZO layer is changed to an n-type at the
stage of the formation of the tungsten layer.

On the other hand, in the case where a titanium layer was
formed as the conductive layer, sheet resistance exceeded the
range in a state without heat treatment (see FIG. 29). Thus,
this result in the case where a titanium layer was formed as the
conductive layer shows that the upper portion of the IGZO
layer was not changed to an n-type but its i-type was main-
tained at the film formation stage.

Whereas in the case where heat treatment was performed
after the formation of the conductive layers, sheet resistance
of deep regions of the IGZO layers can be measured in the

40

45

56

thickness direction even when the conductive layers are each
either the tungsten layer or the titanium layer (see FIG. 30).
Accordingly, this shows that the heat treatment after the for-
mation of the conductive layer changes the IGZO layer to an
n-type in a wide region, that is, from the top surface to the
deep region in the thickness direction.

Thus, it was confirmed that the oxide semiconductor layer
under the conductive layer was changed to an n-type by heat
treatment, whereas in the case where the titanium layer was
used as the conductive layer, even sheet resistance of a region
of the oxide semiconductor layer which was under the con-
ductive layer was not reduced at the film formation stage, that
is, its i-type was maintained.

Although the above are the measurement results in the case
where the IGZO (111) layers were used as the oxide semi-
conductor layers, there was the same tendency in the case
where the IGZO (132) layers were used as the oxide semi-
conductor layers (see FIG. 31 and FIG. 32).

Note that in the case where the IGZO layer includes a
CAAC-O0S layer, the structure itself of the CAAC-OS layer
does not break even when the IGZO layer is changed to an
n-type by forming a tungsten layer thereover by a sputtering
method. FIG. 33 shows TEM observation results of samples
in each of which a tungsten layer was formed over an IGZO
layer including a CAAC-OS layer and one of which heat
treatment was performed and the other of which was not
performed after the formation of the tungsten layer. In either
case, the structure of crystals arranged in a layered manner as
indicated by arrows in the TEM image can be seen. Thus, it
can be said that the CAAC-OS layer is maintained.

Example 2

In this example, comparison between an oxide semicon-
ductor layer including an nanocrystal (a nc-OS layer) and a
CAAC-O0S layer which is made regarding the measurement
results that show how sheet resistance of an oxide semicon-
ductor layer changes before and after heat treatment corre-
sponding to the heat treatment performed after the formation
of the oxide insulating film shown in the above embodiment
will be described with reference to FIGS. 34 and 35.

As samples for measurements of sheet resistance, the fol-
lowing samples were manufactured: samples which each
include an IGZO layer including an nanocrystal formed over
a glass substrate by a sputtering method with a target contain-
ing In, Ga, and Zn in an atomic ratio of 1:1:1 (hereinafter the
1GZO layer is referred to as an nc-OS layer in this example)
and samples which each include an IGZO layer including a
CAAC-0S layer formed over a glass substrate by a sputtering
method (hereinafter the IGZO layer is referred to as a CAAC-
OS layer in this example). Here, the nc-OS layer was formed
under conditions where the flow rates of argon and oxygen
were 135 scem and 15 scem, respectively, the pressure was
0.6 Pa, the power (AC) was 5 kW, and the substrate tempera-
ture was 100° C. The CAAC-OS layer was formed under
conditions where the flow rates of argon and oxygen were
each 100 sccm, the pressure was 0.6 Pa, the power (AC) was
5 kW, and the substrate temperature was 170° C. In either
case, after the formation of the IGZO layer, heat treatment
was performed at 450° C. in a nitrogen atmosphere for one
hour, and then another heat treatment was performed at 450°
C. in a mixed atmosphere of nitrogen and oxygen for one
hour.

Further, a tungsten layer or a titanium layer was formed as
a conductive layer over the IGZO layer of each sample. The
tungsten layer was formed under conditions where the flow
rate of argon was 100 sccm, the pressure was 2.0 Pa, the
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power (DC) was 20 kW or 60 kW, and the substrate tempera-
ture was 100° C. The titanium layer was formed under con-
ditions where the flow rate of argon was 100 sccm, the pres-
sure was 0.3 Pa, the power (DC) was 58 kW, and the substrate
temperature was 70° C.

After the formation of the conductive layer, some samples
were not subjected to heat treatment and the other samples
were subjected to heat treatment, and the IGZO layer was
exposed by removal of the conductive layer in each sample.
Heat treatment was performed at 350° C. in a mixed atmo-
sphere of nitrogen and oxygen for one hour as the heat treat-
ment after the formation of the conductive layer. The conduc-
tive layer was removed by a dry etching method under
conditions where the etching gases were SF; and oxygen
whose flow rates were 900 sccm and 100 sccm, respectively,
the power of the ICP power source was 2000 W, the bias
power was 200 W, the pressure was 2.0 Pa, and the substrate
temperature was 80° C.

The sheet resistance of the IGZO layer was measured by
repeating a series of the following steps: a probe is made
contact with the exposed surface of the IGZO layer to mea-
sure the sheet resistance, the IGZO layer was etched with an
etchant so as to be etched by several nanometers, and further
the sheet resistance of the surface was measured. Note that the
sheet resistance was measured by a DC four-probe method.

FIGS. 34 and 35 show measurement results of sheet resis-
tance obtained in this manner. In each figure, the horizontal
axis represents the etching amount (unit: nm) of the IGZO
layers, and the vertical axis represents sheet resistance (unit:
Q/square). In the horizontal axis, a value of 0 nm indicates a
position of the outermost surfaces of the IGZO layers which
were exposed by removal of the conductive layers, and the
rightward direction indicates the depth directions of the
1GZO layers.

The case where heat treatment was not performed after the
formation of the conductive layers is shown in FIG. 34, and
the case where heat treatment was performed after the forma-
tion of the conductive layers is shown in FIG. 35. In each
figure, the top graph shows the case where a tungsten layer
was formed as each of the conductive layers and then
removed, and the bottom graph shows the case where a tita-
nium layer was formed as each of the conductive layer and
then removed.

Inthe case where a tungsten layer was formed as each of the
conductive layers over the IGZO layer, sheet resistance of an
upper portion of the IGZO layer was able to be measured even
when heat treatment was not performed after the formation of
the tungsten layer (see FIG. 34). The comparison between the
nc-OS layer and the CAAC-OS layer shows that a region of
the nc-OS layer which was changed to an n-type was slightly
deeper than that of the CAAC-OS layer.

On the other hand, in the case where a titanium layer was
formed as each of the conductive layers, sheet resistance
exceeded the range in a state without heat treatment (see FIG.
34). Thus, this result in the case where a titanium layer was
formed as each of the conductive layers shows that the upper
portion of the IGZO layer was not changed to an n-type but its
i-type was maintained at the film formation stage.

Whereas in the case where heat treatment was performed
after the formation of the conductive layers, sheet resistance
of deep regions of the IGZO layers can be measured in the
thickness direction even when the conductive layers are either
the tungsten layer or the titanium layer (see FIG. 35). Accord-
ingly, this shows that the heat treatment after the formation of
the conductive layer changes the IGZO layer to an n-typein a
wide region, that is, from the top surface to the deep region in
the thickness direction. In the case where the conductive
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layers were each a tungsten layer, the resistance of the nc-OS
layer was lower than that of the CAAC-OS layer and an
n-type region of the nc-OS layer was deeper than that of the
CAAC-OS layer. In the case where the conductive layers
were each a titanium layer, the resistance of the nc-OS layer
was lower than that of the CAAC-OS layer.

Thatis, the above results show that, compared to the nc-OS
layer, the CAAC-OS layer is less likely to have lower resis-
tance due to the conductive layer provided thereover and
therefore the cross-sectional area of an n-type region does not
increase in the thickness direction.

However, in the sample in which the titanium layer was
formed over the nc-OS layer and then subjected to heat treat-
ment, the IGZO layer was not able to be etched uniformly by
wetetching. TEM images of the sample are shown in FIG. 36.

In FIG. 36, the top image shows the cross section of the
nc-OS layer after the titanium layer was removed, and the
bottom image shows the cross section ofthe nc-OS layer after
wet etching which was continued for 30 minutes. The bottom
image shows that the nc-OS layer was sperse after being
subjected to the wet etching for 30 minutes. This is probably
because a region of the nc-OS layer is reacted with titanium
and deformed. Also as seen from the bottom image of FIG.
36, the deformation of the nc-OS layer by titanium does not
occur entirely but might occur locally.

Example 3

In this example, measurement results of diffusion of metal
which is used for a conductive layer to an oxide semiconduc-
tor layer in the case where heat treatment corresponding to the
heat treatment performed after the formation of the oxide
insulating film will be described with reference to FIG. 37.

First, in each measurement sample, an IGZO layer which
was an oxide semiconductor layer was formed over a glass
substrate by a sputtering method with a target containing In,
Ga, and Zn in an atomic ratio of 1:1:1. The IGZO layer was
formed under conditions where the flow rates of argon and
oxygen were each 100 sccm, the pressure was 0.6 Pa, the
power (AC) was 5 kW, and the substrate temperature was
170° C. The thickness of the IGZO layer is 100 nm. Then, a
100-nm-thick conductive layer was formed thereover. Note
that as the samples, two samples each including a tungsten
layer and two samples each including a titanium layer were
prepared, and one of each kind of samples was not subjected
to heat treatment and the other of each kind of samples was
subjected to heat treatment at 350° C. in a mixed atmosphere
of oxygen and nitrogen for one hour.

Note that in the samples each including the tungsten layer
as the conductive layer, the IGZO layer was formed over a
glass substrate. The IGZO layer was formed by a sputtering
method under conditions where the flow rates of oxygen and
argon were 20 sccm and 180 scem, respectively, the pressure
was 0.6 Pa, the power (AC) was 5 kW, and the substrate
temperature was 100° C. The thickness of the IGZO layer is
100 nm. Then, a 100-nm-thick conductive layer including
tungsten was formed thereover as the conductive layer. The
two samples were prepared, one of which was not subjected to
heat treatment and the other of which was subjected to heat
treatment at 350° C. in a mixed atmosphere of oxygen and
nitrogen for one hour. Further, in the above samples, titanium
was used instead of tungsten to obtain the samples each
including the titanium layer as the conductive layer.

The samples manufactured in the above manners were each
subjected to SIMS from the rear side of the glass substrate to
examine the degree of diffusion of tungsten or titanium
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included in the conductive layer to the IGZO layer. SIMS
results of the samples are shown in FIG. 37.

In FIG. 37, the top graph shows analysis results in the case
where a tungsten layer was used as each of the conductive
layers, and the bottom graph shows analysis results in the case
where a titanium layer was used as each of the conductive
layers. In the samples used for both analyses of FI1G. 37, the
1GZO layer was formed at 170° C. The depth represented by
the horizontal axis indicates depths ofthe IGZO layer, and the
tungsten layer or the titanium layer when the top surface has
a depth length of 0 nm. The vertical axis represents the con-
centration of tungsten or titanium in the film (unit: atoms/
cm®). Note that the concentration of such metal is quantified
by the concentration in the IGZO film.

In the case where the tungsten layer was used as each of the
conductive layers, the dotted line representing the concentra-
tion profile of tungsten of the sample that is not subjected to
the heat treatment and the solid line representing the concen-
tration profile of tungsten of the other sample after the heat
treatment were almost overlapped with each other. Thus, the
above result shows that tungsten is hardly diffused to the
1GZO layer even when heat treatment is performed at 350° C.

On the other hand, in the case where the titanium layer was
used as each of the conductive layers, the solid line represent-
ing the concentration profile of titanium of the other sample
after the heat treatment largely moved toward the IGZO film
from the dotted line representing the concentration profile of
titanium of the sample that is not subjected to the heat treat-
ment. Thus, the above result shows that a mixed region or a
compound region of titanium and IGZO was formed at the
boundary between the titanium layer and the IGZO layer.
Accordingly, it can be said that titanium is diffused in the
1GZO layer by heat treatment performed at 350° C.

Note that in the samples in each of which the titanium layer
was formed over the IGZO layer, titanium was diffused to a
deeper region of the IGZO layer formed at 100° C. than the
1GZO layer formed at 170° C., after the heat treatment per-
formed at 350° C. This is because an IGZO layer becomes a
sparse film when the film formation temperature of the IGZO
layer is low; accordingly, titanium is likely to be diffused.

Thus, the above result shows that in the case where a
titanium layer is used as each of the conductive layers, tita-
nium is diffused to the oxide semiconductor layer by heat
treatment and therefore an n* region is formed in a region of
the oxide semiconductor layer to which titanium is diffused.

Example 4

Inthis example, evaluation results of diffusion of oxygen in
a stacked-layer structure of an oxide semiconductor layer and
a conductive layer will be described with reference to FIGS.
38 and 39.

In each measurement sample, a 100-nm-thick IGZO (111)
layer or IGZO (132) layer was formed over a glass substrate
by a sputtering method, and a 100-nm-thick conductive layer
including a tungsten layer or a titanium layer was formed
thereover by a sputtering method. The IGZO (111) layer was
formed under conditions where the flow rates of argon and
oxygen were each 100 sccm, the pressure was 0.6 Pa, the
power (AC) was 5 kW, and the substrate temperature was
170° C. The IGZO (132) layer was formed under conditions
where the flow rates of argon and oxygen were each 135 sccm
and 15 scem, respectively, the pressure was 0.3 Pa, the power
(AC) was 5 kW, and the substrate temperature was 100° C.
Here, as oxygen described above, oxygen (**0) which is an
isotope of oxygen was used to monitor the behavior.
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The tungsten layer was formed under conditions where the
flow rate of argon was 100 sccm, the pressure was 2.0 Pa, the
power (DC) was 60 kW, and the substrate temperature was
100° C.; and the titanium layer was formed under conditions
where the flow rate of argon was 100 sccm, the pressure was
0.3 Pa, the power (DC) was 58 kW, and the substrate tem-
perature was 100° C.

In the samples manufactured in the above manner, some
samples not subjected to heat treatment and the other samples
subjected to heat treatment were prepared. After the forma-
tion of the conductive layer, the heat treatment was performed
at350° C. in a mixed atmosphere of nitrogen and oxygen for
one hour. The profile of oxygen (**0) in the conductive layer
of each sample was measured by SIMS.

First, FIG. 38 shows the SIMS measurement results of the
samples in each of which the tungsten layer was formed as the
conductive layer over the oxide semiconductor layer. In FIG.
38, the top graph shows the SIMS results in the case where the
1GZO (111) layer was used as the oxide semiconductor layer,
and the bottom graph shows the SIMS results in the case
where the IGZO (132) layer was used as the oxide semicon-
ductor layer.

The horizontal axis represents the depth direction (unit:
nm) of a stacked film of the oxide semiconductor layer and the
conductive layer, and the vertical axis represents the concen-
tration of oxygen (**0) (unit: atoms/cm?). In the figure, the
profile represented by the solid line is the profile of the sample
not subjected to heat treatment after the formation of the
conductive layer, and the profile represented by the dotted
line is the profile of the sample subjected to the heat treatment
after the formation of the conductive layer. Note that the
portion surrounded with the dashed line represents the profile
of oxygen derived from the outside air.

Inthe case where the tungsten layer was used as each of the
conductive layers, as shown in FIG. 38, there was no tendency
of diffusion of oxygen from the IGZO layer to the tungsten
layer even in the case where the heat treatment was performed
at 350° C., as well as the case where heat treatment was not
performed. A similar result was obtained in the case where the
oxide semiconductor layer was either the IGZO (111) layer or
the IGZO (132) layer.

On the other hand, in the case where the titanium layer was
used as each of the conductive layers, as shown in FIG. 39, the
oxygen concentration of the titanium layer was extremely
increased in the case where the heat treatment was performed
at350° C., as compared to the case where heat treatment was
not performed. Thus, the above result shows that oxygen
(*®0) was largely diffused from the IGZO layer to the tita-
nium layer by performing the heat treatment at 350° C.

In this example, the measurement results of characteristics
of a manufactured transistor will be described with reference
to FIGS. 40A and 40B.

In order to evaluate characteristics, a transistor having a
channel-etched and bottom-gate top-contact (BGTC) struc-
ture and a peripheral structure were manufactured by the
following steps.

That is, a 200-nm-thick gate electrode was formed over a
glass substrate by a sputtering method, and a gate insulating
film was formed thereover by a plasma CVD method. The
gate insulating film had a four-layer structure in which a
silicon nitride layer, a silicon nitride layer, a silicon nitride
layer, and a silicon oxynitride layer were provided in this
order. The thicknesses were 50 nm, 300 nm, 50 nm, and 50 nm
in this order. For the three silicon nitride layers from the
bottom, the flow rate of NH; of the first silicon nitride layer
was made low, the flow rate of NH; of the second silicon
nitride layer was made high, and the flow rate of SiH,, of the
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third silicon nitride layer was made high. That is, the flow
rates of SiH,, N,, and NH; of the first silicon nitride layer
were set to 200 sccm, 2000 scem, and 100 scem, respectively;
the flow rates of SiH,, N,, and NH; of the second silicon
nitride layer were set to 200 sccm, 2000 sccm, and 2000 scem,
respectively; the flow rates of SiH, and N, of the third silicon
nitride layer were set to 200 sccm and 5000 scem, respec-
tively; and the pressure, the power, and the substrate tempera-
ture of each layer were set to 100 Pa, 2000 W, and 350° C.,
respectively.

Next, a 35-nm-thick oxide semiconductor layer was
formed over the gate insulating film by a sputtering method
with a target containing In, Ga, and Zn in an atomic ratio of
1:1:1, and a 20-nm-thick oxide layer was formed thereover by
a sputtering method with a target containing In, Ga, and Zn in
an atomic ratio of 1:3:2. The oxide semiconductor layer was
formed under conditions where the pressure was 0.6 Pa, the
power was 5 kW, the flow rates of argon and oxygen were
each 100 sccm, and the substrate temperature was 170° C.;
and the oxide layer was formed under conditions where the
pressure was 0.6 Pa, the power was 5 kW, the flow rates of
argon and oxygen were 135 sccm and 15 scem, respectively,
and the substrate temperature was 170° C. These films were
formed successively. After that, dehydration and dehydroge-
nation of a stacked-layer oxide film was performed by heat
treatment performed at 450° C. in a nitrogen atmosphere for
one hour and further oxygen was supplied to the stacked-layer
oxide film by heat treatment performed at 450° C. in a mixed
atmosphere of nitrogen and oxygen for one hour.

Next, in order to form a source electrode and a drain elec-
trode, a titanium layer, an aluminum layer, and a titanium
layer were formed in this order by a sputtering method and
then the stack of the titanium layer, the aluminum layer, and
the titanium layer was processed into a predetermined shape
by a dry etching method. After that, cleaning with a solution
in which phosphoric acid whose concentration was 85 wt. %
was diluted to 1/100 was performed to remove the etching
residue.

Then, two silicon oxynitride layers (50 nm and 400 nm)
were stacked as an oxide insulating film over the source
electrode and the drain electrode, and a 100-nm-thick silicon
nitride layer was formed thereover. The lower layer of the
oxide insulating film was formed under conditions where the
flow rates of SiH, and N,O were 30 sccm and 4000 sccm,
respectively, the power was 150 W, the pressure was 200 Pa,
and the substrate temperature was 220° C.; and the upper
layer of the oxide insulating film was formed under condi-
tions where the flow rates of SiH, and N,O were 200 sccm
and 4000 sccm, respectively, the power was 1500 W, the
pressure was 200 Pa, and the substrate temperature was 220°
C. After the formation of the stack of the two silicon oxyni-
tride layers, heat treatment was performed at 350° C. in a
mixed atmosphere of nitrogen and oxygen for one hour and
then the silicon nitride layer was formed. The silicon nitride
layer was formed under conditions where the flow rates of
SiH, and N,O were 50 sccm and 5000 sccm, respectively, the
power was 150 W, the pressure was 200 Pa, and the substrate
temperature was 220° C.

Next, a 1.5-um-thick acrylic film was formed as a pla-
narization film over the silicon nitride layer and baked at 250°
C. in a nitrogen atmosphere for one hour. Further, a 100-nm-
thick transparent conductive film was formed as a pixel elec-
trode, and heat treatment was performed at 250° C. in a
nitrogen atmosphere for one hour as final heat treatment.

In the above manner, the transistor was manufactured. A
sample including the transistors is referred to as a sample 1.
Note that the sample 1 includes 20 transistors. FIGS. 40A and
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40B show characteristics of the transistors included in the
sample 1. Here, FIG. 40A shows the characteristics of the
transistor with a channel length (L) and a channel width (W)
of 6 um and 50 um, respectively; and FIG. 40B shows the
characteristics of the transistor with a channel length (L) and
a channel width (W) of 3 lam and 50 pm, respectively. The
transistor characteristics in the case where drain voltages (V)
are 1 V and 10V are shown here. The horizontal axis repre-
sents a gate voltage (V) (unit: V), and the vertical axis (on the
left) represents a drain current (unit: A) and the vertical axis
(on the right) represents a field-effect mobility (unit: cm?/V )
of the transistors when the drain voltage (V) is 10 V. The
results of the transistor characteristics show that favorable
transistor characteristics can be obtained even in the case ofa
minute structure with a channel length of 3 um.

Next, the results of a gate bias temperature (BT) test carried
out on the transistors manufactured in the above manner are
described with reference to FIGS. 41A and 41B.

The gate BT test is one kind of accelerated test and can
evaluate, in a short time, a change in characteristics (i.e., a
change with time) of a transistor which is caused by long-term
use. The amount of change in characteristics of the transistor
due to the gate BT test is an important indicator when exam-
ining the reliability of the transistor.

A specific method of the gate BT test is described. First,
V-1, characteristics of a transistor are measured. Next, the
temperature of a substrate over which the transistor is formed
(substrate temperature) is set to a fixed temperature, a pair of
electrodes serving as a source and a drain of the transistor are
set to a same potential, and a potential different from that of
the pair of electrodes serving as a source and a drain is applied
to a gate electrode for a certain period (see FIG. 41A). The
substrate temperature may be determined as appropriate in
accordance with the test purpose, and here is set to 125° C.
Then, the substrate temperature is set to a temperature similar
to that at which the electrical characteristics have been mea-
sured, and the electrical characteristics of the transistor are
measured again. As a result, a difference in threshold voltage
(V,,) and a difference in shift value (Shift) between before
and after the gate BT test can be obtained as the amount of
change in the electrical characteristics.

Here, in this specification, the threshold voltage (V,,) is a
gate voltage when a channel is formed. In a curve where the
horizontal axis represents the gate voltage (V) and the ver-
tical axis represents the square root of drain current (I,;) (V,~
V1, characteristics), the threshold voltage (V,,) was calcu-
lated as a gate voltage (V) at a point of intersection of an
extrapolated tangent line having the highest inclination with
the square root of drain current I, with 0 (i.e., I, of 0 A).
Further, in a curve where the horizontal axis represents the
gate voltage (V,) and the vertical axis represents the loga-
rithm of drain current (1), the shift value is defined as a gate
voltage (V,) at a point of intersection of an extrapolated
tangent line ofa drain voltage I ;having the highest inclination
with a straight line of 1,=1x107"2[A]. Note that the shift value
was calculated with a drain voltage (V) of 10 V.

As specific stress conditions, the gate voltage (V) was set
to +30V and -30V and potentials of the source and the drain
were set the same (here, V =V =0 V). The stress temperature
was set to 125° C. and the time period of stress application
was set to one hour. Further, for the light irradiation, a white
LED light was used and an illuminance of the light was set to
about 10000 1x

FIG. 41B shows results of the gate BT test obtained in this
manner. In the environment without light irradiation (Dark),
the amount of change in the threshold voltage (AV,,) was 1.93
V in the case of the positive gate BT (+GBT) and -1.27 V in
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the case of the negative gate BT (-GBT). In the environment
with light irradiation (Photo), the amount of change in the
threshold voltage (AV,,) was —0.78 V in the case of the
positive gate BT (+GBT) and —0.80 V in the case of the
negative gate BT (-GBT).

In the environment without light irradiation, the amount of
change in the shift value (AShift) was 2.04 V in the case of the
positive gate BT (+GBT) and -1.51 V in the case of the
negative gate BT (-GBT). In the environment with light
irradiation, the amount of change in the shift value (AShift)
was —0.85 V in the case of the positive gate BT (+GBT) and
-1.05V in the case of the negative gate BT (-GBT).

The above gate BT test results show that the amounts of
change in the threshold voltage and the shift value were small
and therefore the transistor manufactured by the above steps
had excellent reliability.

Here, FIG. 42 shows a graph of transistor characteristics
which plotted a correlation between an on-state current (I ,,)
and a threshold voltage (V ;).

A stacked-layer oxide semiconductor film used for the
transistor had a stacked-layer structure of an 1GZO (111)
layer and an IGZO (132) layer, and measurement was per-
formed on the IGZO (132) layer in the case where the sub-
strate temperatures were 100° C. and 170° C. In each sample,
as a conductive layer for forming the source electrode and the
drain electrode, a conductive layer having a three-layer struc-
ture in which a tungsten layer, an aluminum layer, and a
titanium layer were provided in this order (expressed as
WAAITI) and a conductive layer having a three-layer struc-
ture in which a titanium layer, an aluminum layer, and a
titanium layer were provided in this order (expressed as
Ti\AINT1) were prepared.

As shown in FIG. 42, there is a negative correlation
between an on-state current (I,,) and a threshold voltage (V,;,)
in all of the plots. Here, only the sample in which the IGZO
(132) layer was formed at a substrate temperature of 100° C.
and the source electrode and the drain electrode had a three-
layer structure in which a titanium layer, an aluminum layer,
and a titanium layer were provided in this order showed
unique distribution (a portion surrounded with the dashed line
in FIG. 42). In the case of such conditions, an n-type layer is
deeply formed in the IGZO layer because heat treatment is
performed after the formation of the titanium layer, and this
implies that the effective channel length of the transistor is
shortened.

Example 6

Thus, in this example, transmission line method (TLM)
analysis was performed on the above transistors.

Here, the TLM analysis is an analysis method for estimat-
ing an effective channel length (L) and external resistance
with an intersection coordinate obtained in such a manner that
characteristics of a transistor in relation between resistance
(R)and a channel length (L) are obtained for each gate voltage
(V-

In the case of amodel shown in FIG. 43 A, series resistance
between a source electrode and a drain electrode can be
expressed by the following Formula 2 and Formula 3.

Rr=Va/I=2Ro+7 Loy (Formula 2)

L ~L+2AL (Formula 3)

Here, R -denotes total resistance, R, denotes external resis-
tance, L, denotes an effective channel length, [ denotes a
designed channel length, and AL denotes a difference
between the designed channel length and the effective chan-
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nel length. Further, r_, is a value obtained by dividing the
channel resistance by a unit length and depends on a gate
voltage (V).

Through the TLM analysis, an intersection coordinate is
obtained as shown in FIG. 43B in such a manner that charac-
teristics of a transistor in relation between resistance (R) and
achannel length (L) are obtained for each gate voltage (V) as
described above. The intersection coordinate corresponds to
an external resistance (2R,) and a difference between the
designed channel length and an effective channel length
(2AL).

Accordingly, with the use of characteristics of transistors
which are measured by changing conditions for the IGZO
(132) layer of the upper layer of the stacked-layer oxide film
and the source electrode and the drain electrode, 2AL and 2R,
of each transistor were calculated and the effective channel
length and series resistance of each transistor were evaluated.
The evaluation results are shown in FIGS. 44A and 44B and
FIGS. 45A and 45B.

FIGS. 44 A and 44B show the results of evaluation by TLM
analysis performed under the conditions where the substrate
temperatures at film formation of the IGZO (132) layer varied
between 100° C. and 170° C.

FIG. 44 A shows a difference between a designed channel
length and an effective channel length (-2AL) in each film
quality of the IGZO (132) layer and each pair of a source
electrode and a drain electrode. FIG. 44B shows external
resistance (2R,)) in each film quality of the IGZO (132) layer
and each pair of a source electrode and a drain electrode.

According to the TLM analysis results shown in FIG. 44 A,
2AL was the highest in the sample in which the IGZO (132)
layer was formed at a substrate temperature of 100° C. and the
source electrode and the drain electrode had a three-layer
structure in which a titanium layer, an aluminum layer, and a
titanium layer were provided in this order. This indicates that
the effective channel length (L) is shortened. In the case
where the IGZO (132) layer was formed at a substrate tem-
perature of 170° C., similar results of the effective channel
length (L) were obtained in the sample in which the source
electrode and the drain electrode had a three-layer structure in
which a tungsten layer, an aluminum layer, and a titanium
layer were provided in this order and the sample in which the
source electrode and the drain electrode had a three-layer
structure in which a titanium layer, an aluminum layer, and a
titanium layer were provided in this order.

FIGS. 45A and 45B show the results of evaluation by TLM
analysis under the conditions where the proportion of the
oxygen flow rate (the proportion of oxygen in the total film
formation gas) at the formation of the IGZO (132) layer
varied from 10 wt. % to 30 wt. % and 50 wt. %.

FIG. 45A shows a difference between a designed channel
length and an effective channel length (-2AL) in each film
quality of the IGZO (132) layer and each pair of a source
electrode and a drain electrode. FIG. 45B shows external
resistance (2R,) in each film quality of the IGZO (132) layer
and each pair of a source electrode and a drain electrode.

According to the TLM analysis results shown in FIG. 45A,
the effective channel length (L) of the sample in which the
source electrode and the drain electrode had a three-layer
structure in which a tungsten layer, an aluminum layer, and a
titanium layer were provided in this order was not largely
different from that of the sample in which the source electrode
and the drain electrode had a three-layer structure in which a
titanium layer, an aluminum layer, and a titanium layer were
provided in this order. Further, according to the TL.M analysis
results shown in FIG. 45B, the external resistance tended to
rise when the proportion of the oxygen flow rate was
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increased, and an increase in the external resistance of the
sample in which the source electrode and the drain electrode
had a three-layer structure in which a titanium layer, an alu-
minum layer, and a titanium layer were provided in this order
was able to be suppressed compared to an increase in the
external resistance of the sample in which the source elec-
trode and the drain electrode had a three-layer structure in
which a tungsten layer, an aluminum layer, and a titanium
layer were provided in this order. This can be considered that
the use of a titanium layer as the conductive layer over the
stacked-layer oxide film has an effect on the stacked-layer
oxide film to be changed to an n-type.

Example 7

In this example, description is made on the fact that, as the
stacked-layer oxide film, the use of a CAAC-OS layer is more
suitable than an amorphous (or nanocrystalline) oxide semi-
conductor in the case where a channel-etched transistor with
a short channel length is manufactured.

FIGS. 46A and 46B and FIGS. 47A and 47B each show
V-1, characteristics of transistors with channel widths (W)
01’50 um and channel lengths (L) of 2 pm or 6 um which were
manufactured using IGZO which is a CAAC-OS layer or
amorphous (or nanocrystalline) IGZO. The characteristics of
20 points in a substrate sized 600 mmx720 mm were mea-
sured.

As shown in FIGS. 46 A and 46B, the use of IGZO which is
a CAAC-OS layer enabled uniform characteristics to be
obtained even in the transistors with channel lengths of 2 pm.
Thus, it was possible to manufacture a miniaturized transistor
with the use of an oxide semiconductor having a CAAC
structure.

On the other hand, as shown in FIGS. 47A and 47B, in the
transistors with channel lengths of 2 um which include amor-
phous IGZO, the characteristics largely vary.

Accordingly, a channel-etched transistor can be manufac-
tured more stably with the use of an oxide semiconductor
having a CAAC structure than with an amorphous (or nanoc-
rystalline) oxide semiconductor. This is probably because the
oxide semiconductor having a CAAC structure is qualita-
tively sturdy in terms of structure than the amorphous (or
nanocrystalline) oxide semiconductor, which enables more
stable transistor to be manufactured.

In order to evaluate sturdiness of a film of IGZO having an
amorphous structure and a film of IGZO having a crystal
structure, cohesive energies of the amorphous structure and
the crystal structure were calculated. A cohesive energy is
defined by the following Formula 4.

E°*(IGZO)=E(In)+E(Ga)+E(Zn)+4E(0)-E(IGZO)  (Formula 4)

That is, the cohesive energy is energy which is emitted
when a solid is formed from the state of an isolated atom. FIG.
48 shows the structures of the amorphous IGZO and the
crystalline IGZO which were obtained by calculations. In
each structure, the atomic ratio of In to Ga, Zn, and O are
1:1:1:4; the total number of atoms are 84; and the density of
the amorphous IGZO is 5.9 g/cm?, whereas the density of the
crystalline IGZO is 6.1 g/cm®. The density of the amorphous
1GZO is lower. Note that for the calculations, first principle
electronic state calculation package Vienna Ab Simulation
Package (VASP) was used. Table 1 shows the calculation
conditions.
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TABLE 1

Functional GGA PBE

800 eV
a-IGZO2x2x2
c-IGZO04x4x 1

Cut-off energy
The number of
sampling k-points

A difference between the cohesive energy of the amor-
phous IGZO and the cohesive energy of the crystalline IGZO
which were obtained from the calculations are shown in Table
2.

TABLE 2
Cohesive energy (eV) a-IGZO 28.854
¢-IGZO 30.007
Cohesive energy difference (eV) -1.153

As shown in Table 2, there was a significant difference
between the cohesive energy of the amorphous IGZO (28.854
eV) and the cohesive energy of the crystalline IGZO (30.007
eV) (the difference was 28.854 eV-30.007 eV=-1.153 eV).
This result implies that the amorphous IGZO is more reactive.

Next, in order to understand why such a difference between
the amorphous IGZO and the crystalline IGZO arises, the
average bonding distance between each metal and oxygen
was examined. Results are shown in Table 3. Note that the
average bonding distance in the amorphous IGZO was calcu-
lated assuming that In is a hexacoordinate atom and Ga and

Zn are pentacoordinate atoms.
TABLE 3
Structure Element Average bonding distance (nm)
a-IGZO In—O 0.226
Ga—0O 0.2
Zn—0O 0.218
¢c-IGZO In—O 0.221
Ga—0O 0.197
Zn—0O 0.208

According to Table 3, the average bonding distance
between each metal and oxygen in the amorphous IGZO (the
distances of In—O, Ga—O, and Zn—O were 0.226 nm, 0.2
nm, and 0.218 nm, respectively) was longer than the average
bonding distance between each metal and oxygen in the crys-
talline IGZO (the distances of In—0, Ga—O, and Zn—O
were 0.221 nm, 0.197 nm, and 0.208 nm, respectively). Thus,
the difference in the cohesive energy shown in Table 2 can be
considered mainly due to this average bonding distance.

Accordingly, it can be considered that a channel-etched
transistor including an oxide semiconductor having a CAAC
structure can be manufactured stably because the oxide semi-
conductor having a CAAC structure forms a crystalline film
and its structure is sturdy. Since the crystalline IGZO has a
large cohesive energy and a strong bonding force, the oxide
semiconductor having a CAAC structure is suitable for the
channel-etched transistor in which the oxide semiconductor
having a CAAC structure on the back channel side is exposed
to plasma or the like during etching.

This application is based on Japanese Patent Application
serial No. 2012-263814 filed with the Japan Patent Office on
Now. 30, 2012, Japanese Patent Application serial No. 2012-
273866 filed with the Japan Patent Office on Dec. 14, 2012,
and Japanese Patent Application serial No. 2013-044876 filed
with the Japan Patent Office on Mar. 7, 2013, the entire
contents of which are hereby incorporated by reference.
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What is claimed is:
1. A semiconductor device comprising:
a gate electrode;
a gate insulating film overlapping with the gate electrode;
a stacked-layer oxide film including a channel formation
region and overlapping with the gate electrode with the
gate insulating film provided therebetween; and
a source electrode and a drain electrode in contact with the
stacked-layer oxide film,
wherein the stacked-layer oxide film includes a first oxide
layer and a second oxide layer over the first oxide layer,
wherein the second oxide layer comprises:
a depression portion between the source electrode and
the drain electrode; and
low-resistance regions in portions in contact with the
source electrode and the drain electrode and part of
side surfaces of the depression portion, and
wherein a depth of the depression portion is greater than a
depth of the low-resistance regions in a film thickness
direction.
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2. The semiconductor device according to claim 1,
wherein the low-resistance regions have lowest resistance,
and a portion of the stacked-layer oxide film has higher
resistance as the portion is distanced from the source
electrode or the drain electrode in the film thickness
direction.
3. The semiconductor device according to claim 1,
wherein the first oxide layer and the second oxide layer
each contain In, Zn, and a metal other than In and Zn.
4. The semiconductor device according to claim 1, further
comprising an oxide insulating film over the stacked-layer
oxide film, the source electrode, and the drain electrode,
wherein the oxide insulating film is in contact with a top
surface of the depression portion.
5. The semiconductor device according to claim 1,
wherein the low-resistance regions are formed in such a
manner that oxygen in the second oxide layer is
extracted into the source electrode and the drain elec-
trode.



